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I.  GOALS 

The  overall  focus  of  this  project  has  been  to  understand  the  cellular  and  molecular  biology 
of  neuroma  formation  as  a  complication  of  damage  to  peripheral  nerves.  Several  objectives  have 
been  clarified:  1)  to  establish  in  vitro  models  of  cell  lines  of  fibroblasts  from  normal  peripheral 
nerves  and  neuromas  that  can  be  used  to  uncover  the  molecular  mechanisms  of  the  peripheral  nerve 
fibroblast  response  to  damage;  2)  to  understand  the  interactions  of  fibroblasts  of  peripheral  nerve 
origin  with  cell  signaling  molecules  in  the  neural  environment  after  an  injury  and  during  the  repair 
process;  and  3)  to  understand  the  origin  of  pain  that  accompanies  neuroma  formation. 

It  is  not  known  how  the  cellular  physiology  of  the  entrapped  nerve  endings  is  affected  by  the 
dense  collagenous  mass  of  tissue  that  makes  up  the  neuroma.  However,  it  is  clear  that  abnormalities 
develop  in  gated  ion  channels  in  the  entrapped  nerve  endings  and  that  the  neuroma  is  formed  by  an 
exaggerated  fibroblast  response  to  nerve  damage.  Studies  using  fibroblasts  cultured  from  peripheral 
human  nerves  have  shown  that  these  cells  express  basic  fibroblast  growth  factor  and  its  receptor. 
Immunohistochemical  studies  and  quantitative  Western  blots  have  shown  that  basic  fibroblast 
growth  factor  and  its  receptor  are  found  in  all  tissue  samples  taken  directly  from  human  neuromas. 
The  goal  of  these  ongoing  studies  is  to  elucidate  the  mechanisms  that  regulate  the  activities  of  these 
cells  in  injury  and  repair  and  ultimately  to  determine  potential  approaches  to  modification  of  these 
mechanisms  that  may  prevent  the  development  of  neuromas  and  their  associated  morbidities  m 

traumatized  tissues. 

II.  INTRODUCTION 

Peripheral  nerve  injuries  are  among  the  most  common  injuries.  There  is  a  substantial 
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incidence  of  this  type  of  injury  in  the  armed  forces,  where  they  have  a  debilitating  effect  on 
personnel;  these  injuries  are  also  common  in  the  general  population  as  a  result  of  motor  vehicle 
accidents  and  violence.  The  outcome  of  repair  of  these  injuries  may  be  unsatisfactory  in  as  many  as 
30-40%  of  cases;  the  result  is  a  loss  of  motor  function  and  reduced  sensory  capability.  These 
complications  can  develop  as  part  of  the  healing  response  after  trauma  and  sometimes  as  a  side  effect 
of  surgical  repair;  they  are  caused  by  the  accumulation  of  cells  and  extracellular  matrix  at  the  site 
of  injury,  forming  what  is  usually  called  a  neuroma.  In  this  study,  it  is  hypothesized  that  the 
exaggerated  healing  response  of  the  neural  fibroblasts  is  driven  by  the  cellular  response  to 
extracellular  signals.  The  situation  is  further  complicated  by  the  local  cellular  environment,  which 
may  compartmentalize  cell  signaling  molecules  and  cell  interactions  that  are  unique  to  the  peripheral 
nerve,  in  which  case  growth  factors  and  cytokines  may  be  of  primary  importance.  It  is  also 
hypothesized  that  cellular  involvement  could  be  altered  in  order  to  provide  more  normal  healing  with 
better  functional  recovery.  Understanding  the  intracellular  signaling  pathway  in  these  cells  after 
trauma  may  provide  a  window  for  determining  cellular  actions  that  ultimately  result  in  a  neuroma. 

To  accomplish  these  objectives,  we  have  worked  simultaneously  at  several  different  levels. 
The  first  has  been  to  understand  the  cellular  mechanisms  that  may  be  operating  in  the  mature  human 
peripheral  nerve  neuroma.  As  reported  in  previous  years,  the  only  growth  factor  family  commonly 
found  in  human  neuroma  tissue  is  that  of  basic  fibroblast  growth  factor  (bFGF  or  FGFII)  and  its 
receptor  (FGF-R).  Although  an  extensive  search  for  a  number  of  other  growth  factors,  including 
acidic  fibroblast  growth  factor  (aFGF  or  FGFI),  platelet-derived  growth  factor  (PDGF),  transforming 
growth  factor  beta  1  (TNFB-1),  as  well  as  important  cytokines  such  as  interleukin- 1  (IL-1)  and  tumor 
necrosis  factor  a  (TNF-a),  was  carried  out  using  Western  blots,  only  barely  detectable  amounts  of 
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some  and  none  at  all  of  others  were  found.  The  absence  of  both  IL-1  and  TNF-a  in  the  human 
neuroma  suggests  that  the  mature  peripheral  neuroma  (six  months  or  more  post  injury)  is  not 
characterized  by  an  ongoing  inflammatory  process.  However,  the  neuroma  may  be  characterized  as 
a  poorly  vascularized,  encapsulated  fibrous  matrix  and  this  matrix  may  be  slightly  acidic  and  hypoxic 
due  to  the  lack  of  vascularity.  In  support  of  this  characterization  is  the  finding  that  the  neuroma, 
which  develops  uniquely  in  the  proximal  part  of  the  nerve  stump,  is  a  complex  interaction  of  several 
cell  types  including  growing  neurites. 

In  the  first  year  of  this  project,  fibroblast  cell  lines  were  established  from  tissue  specimens 
of  human  neuromas  and  leftover  normal  nerve  used  in  surgical  repair.  These  cell  lines  were  grown 
to  passage  5-6;  at  these  passage  numbers,  cell  morphology  in  culture  remained  stable.  Several  of 
these  cell  lines  have  been  maintained  for  the  entire  period  of  this  project  and  will  remain  a  resource. 
Fibroblasts  from  the  internal  part  of  the  nerve  are  thought  to  be  the  most  important  for  neuroma 
formation;  therefore,  particular  care  was  taken  to  ensure  that  the  cells  cultured  were  from  the  internal 
or  endoneuria  portion  of  the  normal  nerve  or  neuroma.  It  was  found  that  the  fibroblast  cell  lines  from 
neuromas  did  not  grow  with  the  vitality  of  some  other  fibroblast  cell  lines.  For  this  reason,  one  study 
included  in  this  year’s  report,  which  involved  an  inhibitor  of  mitogen- activated  protein  kinase 
(MAPK),  was  performed  using  a  fibroblast  cell  line  from  the  human  cornea.  It  was  found  that  the 
acidic  S-100  protein  was  not  reliable  to  differentiate  fibroblasts  from  Schwann  cells,  as  fibroblasts 
from  several  human  tissues  stain  for  this  protein.  However,  the  low  affinity  nerve  growth  factor 
receptor  (NGFR)  antibody  was  able  to  consistently  differentiate  these  cells  types.  Schwann  cells 
from  both  normal  human  nerve  and  neuromas  were  found  to  stain  with  the  NGFR  antibody. 

As  mentioned  above,  the  other  focus  of  the  first  year  was  the  collection  of  human  neuroma 
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tissue  for  analysis  of  growth  factors  and  cytokines.  This  project  was  carried  over  into  year  two.  The 
method  of  choice  for  this  analysis  was  Western  blot.  Initially,  mRNA  was  collected  from  the  small 
pieces  of  tissue  that  were  provided  for  this  purpose.  Tissue  taken  from  the  operating  room  was  used 
partially  for  histopathology  and  also  for  the  ion  channel  analysis  studies.  However,  transmission 
electron  microscopy  of  neuroma  samples  showed  that  the  cellularity  of  neuromas  is  very  variable. 
For  this  reason,  the  amount  of  RNA  obtained  was  often  too  small  for  probing,  considering  the 
number  of  growth  factors  and  cytokines  that  needed  to  be  tested  for.  This  problem  made  it  unlikely 
that  consistent  results  could  be  obtained.  Because  Western  blots  could  be  reprobed  at  least  2-3  times, 
this  approach  was  adopted.  The  results  of  these  studies  were  presented  at  the  Sunderland  Society 
meeting,  an  organization  dedicated  to  the  understanding  of  the  complications  of  peripheral  nerve 
injury  and  surgery. 

In  year  two.  the  analysis  of  tissue  samples  continued.  The  origin  of  bFGF  (or  FGFII)  was 
further  investigated  using  double  labeling  of  passage  1-2  mixed  cultures  and  immunotransmission 
electron  microscopy.  Fibroblasts  and  Schwann  cells  were  found  to  be  positive  for  the  growth  factor; 
however,  only  the  fibroblasts  were  found  to  be  positive  for  the  receptor.  Schw'ann  cells  were  found 
to  make  up  no  more  than  20%  of  these  cultures.  Acidic  FGF  (or  FGFI)  was  not  found. 
Immunoelectron  microscopy  was  carried  out  using  two  sizes  of  gold  particles,  one  for  the  receptor 
and  another  for  the  growth  factor.  Micrographs  of  neuroma  fibroblasts  were  obtained  depicting  the 
localization  of  growth  factor  and  receptor  arrayed  along  the  cell  membrane.  This  suggested  that 
interactions  between  Schwann  cells  and  fibroblasts  are  probably  important  during  neuroma 
formation. 

In  year  three  of  this  project,  experiments  continued  on  the  intracellular  signaling  pathways. 
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The  focus  of  this  work  was  to  determine  the  effects  of  an  inhibitor  of  the  pathway  that  leads  to  cell 
proliferation,  the  MAPK  pathway.  In  addition,  experiments  on  stretch  injury  to  the  brachial  plexus 
were  begun.  Brachial  plexus  injuries  are  complicated  due  to  the  possibility  of  avulsion  injury,  as  well 
as  neuroma  formation.  Avulsion  injuries  occur  at  the  interface  of  the  peripheral  and  central  nervous 
system  and  often  lead  to  permanent  disability. 

In  the  fourth  (current)  year  of  this  project,  work  in  three  areas  is  submitted.  The  first  is  the 
analysis  of  PD98059  on  the  components  of  the  MAPK  pathway  and  the  expression  of  the  fos  gene 
and  Fos  protein  expression.  An  important  aspect  of  this  study  is  that  it  clearly  links  growth  factor 
stimulation  with  activation  of  the  MAPK  pathway,  fos  gene  expression,  and  cell  proliferation. 
Moreover,  the  study  shows  that  blocking  a  single  phosphorylation  step  immediately  upstream  from 
MAPK  blocks  all  of  the  downstream  effects.  The  results  suggest  that  this  low  molecular  weight 
compound  is  very  effective  at  reducing  the  effect  of  growth  factors  without  being  toxic.  This  study 
has  been  submitted  for  publication. 

Following  the  in  vivo  application  of  this  compound  in  an  experimental  neuroma  model  in  the 
rat,  it  will  be  tested  in  the  primate  model  of  the  human  neuroma  that  was  developed  in  year  two.  The 
rat  is  not  a  good  model  of  a  neuroma  as  rat  nerves  regenerate  with  tremendous  vigor;  however,  the 
rat  model  will  be  used  to  check  for  nerve  toxicity. 

The  second  area  of  emphasis  has  been  to  continue  the  studies  of  stretch  injury  to  the  brachial 
plexus.  The  effects  of  two  types  of  nerve  injuries  —  a  distal  transection  and  a  stretch  injury  —  on  cells 
of  the  spinal  cord  were  compared  using  immunohistochemistry  to  detect  the  presence  of  the  Fos 
protein.  The  number  of  cells  positive  for  Fos  expression  was  significantly  increased  after  a  stretch 
injury  in  all  lamina  of  the  cord.  However,  after  distal  transection,  the  increase  in  the  numbers  of  Fos- 
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positive  cells  was  found  primarily  in  the  dorsal  horn  of  the  cord.  In  these  types  of  injuries,  the 
therapeutic  window  may  be  related  to  the  duration  of  immediate  gene  expression  and  Fos  is  an 
important  transcription  factor  for  later  events  such  as  cell  death.  The  results  of  this  study  are  being 
submitted  for  publication. 

Almost  all  stretch  injury  models,  including  the  one  used  in  our  studies  over  the  past  year,  are 
non-quantitative  and/or  require  a  surgical  approach.  A  quantitative  model  that  does  not  require 
surgical  intervention  is  in  the  early  stages  of  testing,  with  promising  results  thus  far.  In  this  model, 
an  anesthetized  rat  is  placed  in  a  novel  device  that  provides  a  controlled  acceleration  to  one  forelimb. 
The  parameters  can  be  varied  to  apply  a  light  stretch  or  a  stretch  sufficient  to  provide  avulsion.  This 
work  is  continuing,  with  studies  on  apoptosis  and  Fos  expression  planned.  In  addition,  using  an 
bioengineering  approach,  plans  are  underway  to  study  nerve  stress,  as  well  as  other  parameters, 
during  the  application  of  the  injury  procedure.  This  model  is  valuable  as  it  also  allows  measurements 
of  behavioral  outcomes  and  the  effects  of  various  types  of  therapeutic  interventions  to  be  correlated 
with  detailed  studies  of  the  molecular  response  of  the  cells  of  the  spinal  cord  to  stretch  injuries  of 
variable  intensity. 
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III.  MITOGEN- ACTIVATED  PROTEIN  KINASE  IN  GROWTH  FACTOR 
STIMULATION  OF  HUMAN  CORNEAL  FIBROBLAST  PROLIFERA¬ 
TION  AND  THE  EFFECT  OF  AN  INHIBITOR 

INTRODUCTION 

Comeal  cells  express  the  message  for  several  growth  factors  and  their  receptors,  including 
bFGF,  EGF,  and  PDGF  (1,2).  Injury  to  the  cornea  may  change  the  regulation  of  these  messages  as 
part  of  the  wound  response;  however,  the  protein  found  at  the  injury  site  can  result  from  local  release 
from  cells,  release  from  inflammatory  cells,  or  from  the  tears  (3-5).  The  therapeutic  use  of  the  growth 
factors  has  been  evaluated  in  vivo  by  direct  application  of  the  growth  factor  to  the  cornea  or  by 
application  to  comeal  cells  in  culture.  The  results  of  such  studies  have  shown  that  these  growth 
factors  may  accelerate  epithelial  and  stromal  healing,  improve  wound  strength,  and  modulate  the 
wound  healing  response  after  a  variety  of  comeal  injuries  (6-12).  Receptors  for  some  growth  factors 
have  been  detected  in  all  layers  of  the  cornea,  and  expression  of  their  mRNA  was  detected  in  the 
tissue  and  in  cultured  cells  (1,3). 

Stromal  cells  after  injury  are  activated  and  transformed  into  fibroblasts  which  may  proliferate 
and  secrete  extracellular  matrix  and  collagen,  both  of  which  are  believed  to  be  important  steps  in  the 
repair  process  (13-15).  However,  for  growth  factors  to  be  effective,  they  must  bind  to  the  appropriate 
membrane  receptor,  which  triggers  a  cascade  of  protein  phosphorylation  directed  to  the  nucleus 
where  the  final  products  mediate  the  regulation  of  gene  expression.  Previous  studies  have 
demonstrated  that  growth  factors  can  promote  proliferation  of  human  diploid  FS-4  skin  fibroblasts, 
NIH  3T3  cells,  and  other  cell  types  through  binding  of  membrane  tyrosine  kinase  receptors  and 
subsequent  activation  of  components  of  the  MAP  kinase  cascade  (16-19).  The  mitogenic-activated 
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protein  kinases  (MAPK),  also  called  extracellular  signal  regulated  kinases  (ERKs),  are  found  as  two 
isoforms  (ERKl5  44  kDa;  ERK  42  kDa).  Activation  occurs  as  a  result  of  phosphorylation  of 
threonine  and  tyrosine  residues. 

Mutations  in  the  regulatory  domain  of  MEK  (the  upstream  kinase  from  MAPK)  and  MAP 
kinase  have  been  used  to  demonstrate  direct  linkage  of  these  enzymes  to  proliferation.  Over¬ 
expression  of  non-activated  forms  of  MEK- 1  in  3T3  cells  significantly  reduced  their  proliferation 
rate,  which  was  correlated  to  a  similar  reduction  in  MAP  kinase  activity  (19,20).  On  the  other  hand, 
increasing  basal  levels  of  MAP  kinase  activity  can  accelerate  proliferation.  Activated  MAP  kinase 
translocates  into  the  nucleus  and  increases  DNA  synthesis  by  participating  in  the  production  of  c-fos 
protein,  a  product  of  the  immediate  early  gene.  Fos  protein  is  critical  for  reentry  of  quiescent 
fibroblasts  into  the  cell  cycle,  and  activation  of  MAP  kinase  is  closely  related  with  the  G0/G1 
transition  of  the  cell  cycle  in  fibroblasts  (21-25).  In  the  present  study,  we  show  that  the  growth 
factors  bFGF,  EGF,  and  PDGF-bb  can  initiate  human  corneal  fibroblast  proliferation  by  activation 
of  the  MAP  kinase  cascade  and  upregulate  c-fos  gene  expression.  However,  an  inhibitor  of  MEK 
prevents  these  actions.  These  results  may  be  involved  in  the  intracellular  mechanisms  that  regulate 
the  responses  of  these  cells  after  injury  to  the  cornea. 


MATERIALS  AND  METHODS 
Cell  Culture  and  Stimulation 

Human  corneas  were  obtained  from  the  eye  bank  (NDRI).  The  epithelium  was  removed  and 
the  corneas  were  cut  into  2x2x2  mm3  pieces  and  cultured  in  DMEM  medium  (Gibco  BRL,  Grand 
Island,  NY)  containing  20%  fetal  bovine  serum  (FBS),  100  units/ml/penicillin,  100  pg/ml 
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streptomycin,  and  maintained  at  37°C  in  a  humidified  atmosphere  with  5%  C02.  The  cells  (about 
lxlO6  cells  at  passage  5  to  10)  were  seeded  in  100  mm  polystyrene  tissue  culture  dishes  and  allowed 
to  grow  to  confluence.  The  medium  was  changed  to  essential  medium  containing  0.3%  FBS  for  24 
hr  and  then  changed  to  serum-free  medium  for  another  24  hr.  The  quiescent  cells  were  treated  by 
adding  10  ng/ml  bFGF  (UBI,  Lake  Placid,  NY),  20  ng/ml  EGF,  20  ng/ml  PDGF-bb,  and  300  ng/ml 
PMA  (Sigma  Chemical,  St.  Louis,  MO)  at  37 °C  for  15  min.  These  were  added  alone  or  in 
combination  with  inhibitor  PD  98059  (New  England  Biolabs,  Beverly,  MA)  (26,27),  at  10  fAA  for 
30  min  pretreatment.  The  inhibitor  was  solubilized  in  DMSO.  To  equalize  any  potential  effect  of 
DMSO  in  the  experiments  in  our  study,  the  same  amount  of  DMSO  was  added  to  the  normal  control 
cells  and  to  the  growth  factor-treated  cells.  The  cells  were  washed  three  times  with  ice-cold  PBS  and 
scraped  into  300  A  lysis  buffer  containing  25  mM  HEPES  at  pH  7.7, 0.3  M  NaCl,  1.5  mM  MgCl2, 
0.2  mM  EDTA,  0.1%  Triton  X-100,  0.5  mM  DTT,  20  mM  b-glvcerophosphate,  0.1  mM  Na3VO,  2 
/zg/ml  of  leupeptin,  and  100  yug/ml  of  PMSF.  The  lysis  was  centrifuged  at  12,000  rpm  at  4°C  for  10 
min.  The  supernatant  was  collected  and  stored  at  -70°  C. 

Protein  Kinase  Assay 

The  protein  kinase  activity  in  the  cells  was  determined  using  myelin  basic  protein  (MBP)  as 
the  substrate.  The  procedure  used  was  similar  to  that  previously  used:  15  fA  of  cell  extract,  10/ul  (2 
pcg/fA)  MBP  (Sigma  Chemical,  St.  Louis,  MO)  ,15  u\  reaction  buffer  mixture  containing  70  mM  b- 
glycerophosphate,  10  mM  NaF,  0.6  mM  EDTA,  1 5  mM  MgCl2 , 2  mM  DTT,  2  fj. Ci  of  [r-32P]  ATP 
(ICN,  Irvine,  CA),  and  10  ywM  ATP  (28).  Tubes  were  vortexed  gently  and  incubated  at  30  °C  for  10 
min.  The  reaction  was  stopped  by  putting  20  A  of  the  kinase  assay  mixture  onto  p81,  2  x  2  cm 
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phospho-cellulose  papers.  The  papers  were  washed  in  0.75%  phosphoric  acid  for  15  min  with  three 
changes  of  the  buffer.  After  rinsing  the  papers  in  acetone  for  5  min,  each  paper  was  transferred  into 
a  scintillation  vial,  and  radiolabel  incorporation  was  determined  by  liquid  scintillation  counting. 

In  Gel  Protein  Kinase  Assay 

The  procedure  used  was  similar  to  that  previously  published  (29).  In  brief,  20  /A  of  cell 
extract  and  10  /H  of  kinase  loading  buffer  were  mixed,  boiled  for  3  min,  and  subjected  to  10% 
polyacrylamide  gel  electrophoresis  containing  MBP  at  a  concentration  of  0.1  mg/ml.  After 
electrophoresis,  the  gel  was  treated  in  a  buffer  containing  20%  isopropanol,  5  mM  p- 
mercaptoethanol  and  50  mM  Tris-HCl,  pH  8.0,  for  60  min,  with  one  change  of  the  buffer.  The 
protein  in  the  gels  was  denatured  at  room  temperature  in  a  buffer  containing  6  M  quinidine-HCl, 
5mM  P-mercaptoethanol,  50  mM  Tris-HCl,  pH  8.0,  for  one  hr,  with  one  change  of  the  buffer.  The 
protein  was  then  renatured  at  4°C  in  a  buffer  containing  0.04%  Tween-40,  5  mM  P-  mercaptoethanol 
and  50  mM  Tris-HCL,  pH  8.0,  for  16  hr,  with  several  changes  of  the  buffer.  For  the  protein  kinase 
assay,  the  gel  was  preincubated  with  kinase  assay  buffer:  lOmM  MgCl2 , 15  mM  glycerophosphate, 
0.3  mM  Na3VO,  0.1  mM  EGTA,  2  mM  DTT,  and  20  mM  Tris,  pH  7.2.  The  reaction  was  initiated 
by  changing  the  preincubation  buffer  to  a  fresh  kinase  buffer  containing  50  //M  ATP  and  10  //Ci/ml 
[r-32P]  ATP.  After  reacting  at  37°C  for  30  min,  the  gel  was  washed  extensively  with  5% 
trichloroacetic  acid  and  1%  sodium  pyrophosphate,  and  then  dried  for  autoradiography. 

Immunoprecipitation  MAP  Kinase  Assay 

A  polyclonal  antibody  to  activated  MAP  kinase  (Promega,  Madison,  WI)  was  incubated  with 
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protein  A-agarose  (Sigma,  St.  Louis,  MO)  in  binding  buffer  for  30  min,  then  an  equal  volume  of  the 
immunocomplex  of  antibody-protein  A-agarose  was  added  into  each  sample,  the  volume  of  which 
was  diluted  to  700  fA  and  incubated  at  4°  C  for  4  hr,  pelleted,  and  washed  three  times  with  binding 
buffer.  The  precipitated  MAP  kinase  was  reacted  with  MBP  in  50  fA  kinase  buffer  containing  5  fj-Ci 
of  [r-32P]  ATP,  10  /uM  ATP  at  30°C  for  10  min.  The  reaction  was  stopped  by  adding  30  fA  of  2x 
kinase  sample  buffer.  After  boiling  for  three  min,  20  fA  of  each  sample  was  subjected  to  10%  SDS- 
PAGE.  The  gel  was  then  dried  and  exposed  to  film. 

Immunoblotting 

Equal  volumes  of  cell  lysate  were  loaded  onto  each  lane  of  a  12%  polyacrylamide  gel. 
Following  electrophoresis,  protein  in  the  gel  was  transferred  onto  a  nitrocellulose  membrane  and 
blocked  with  5%  non-fat  milk  in  a  buffer  containing  0.05%  Tween-20, 150  mM  NaCl,  10  mM  Tns, 
pH  7.4,  and  probed  with  a  primary  antibody  to  MAP  kinase  in  the  same  fresh  buffer  at  4°C 
overnight.  The  membrane  was  washed  in  the  buffer  several  times  and  incubated  in  the  buffer 
containing  secondary  antibody  labeled  with  horse  radish  peroxidase  for  2  hr  at  room  temperature. 
After  washing,  the  immunocomplexes  on  the  membrane  were  detected  with  an  ECL  kit  (Amersham 
Life  Sci.,  Buckinghamshire,  England). 

RT-PCR  Measurement  of  c-fos  Gene  Expression 

The  human  corneal  fibroblasts  were  treated  as  above  for  growth  factor  stimulation.  For 
detection  of  c-fos  mRNA  expression,  the  experiment  of  nested  RT-PCR  was  designed  as  previously 
described  (30,31).  Total  RNA  was  extracted  by  using  TRI  regent  (Molecular  Research  Center,  INC, 
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Cincinnati,  OH).  After  determination  of  the  RNA  concentration,  the  sample  was  adjusted  to  obtain 
0.25  fxgliA  RNA,  then  3/ug  of  total  RNA  was  denatured  at  70°C  for  10  min  and  subjected  to  reverse 
transcription  for  synthesis  of  cDNA  by  using  Superscript  TM II  (GiBco  BRL).  Then,  2/^g  cDNA  was 
subjected  to  PCR,  which  was  amplified  in  100  /A  of  reaction  buffer  containing  10  mM  Tris  HC1, 
pH  8.3, 1.5  mM  MgCl2, 50  mM  KCL,  1.25  mM  of  each  dNTP,  2.5  units  of  Taq  DNA  polymerase, 
(Qiagen,  Chatsworth,  CA),  and  15  pmol  of  ‘outer  primers  (sense  5- 
AAGGTGGAACAGGTGAGGAAC-3',  antisense  5'-TTGAGGAGAGGCAGGGTGAAG-3’)  and 
human  glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  primer  (sense  5'- 
GTCATCATCTCAGCCCCCTCCTC-3',  antisense  5'-CCTAAGCCCCTCCCCTCCTCCAG-3')  at 
94°C  for  1  min,  62°C  for  1  min,  72°C  for  2  mins  with  30  cycles.  The  first  round  PCR  products  were 
diluted  to  1:100.  The  nested  PCR  was  carried  out  by  using  2  iA  of  diluted  PCR  products  as  inner 
primer  with  target  sequences:  sense  5-CAACCGGAGGAGGGAGCTGAC  -3',  antisense  5'- 
GATCAAGGGAAGCCACAGACA-3'  under  the  same  condition  with  30  cycles,  human  (GAPDH) 
primers  at  94  °C  for  1  min,  62  °C  for  1  min,  72  °C  for  2  mins  with  30  cycles.  Finally,  both  nested 
PCR  and  control  products  were  separated  by  electrophoresis  on  a  1.0%  agarose  gel  and  visualized 
by  ethidium  bromide  staining.  Using  these  primers,  the  predicted  size  of  the  c-fos  amplicon  DNA 
is  317  bp  in  human  tissue  and  the  size  of  GAPDH  is  419  bp. 

Radioimmunoprecipitation  Assay  of  Fos  Protein  Synthesis 

Human  corneal  fibroblasts  were  grown  to  confluence  and  continued  for  another  16  hr  in 
serum-free,  D-MEM  medium  without  methionine  and  supplemented  with  2  mM  glutamine  (32).  The 
cells  were  treated  with  a  growth  factor  or  a  growth  factor  in  combination  with  inhibitor  (as  detailed 
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above)  for  15  min,  then  100  yuCi/ml  of  35S-methionine  (Dupont  NEN,  Boston,  MA)  was  added  for 
another  15  min.  The  medium  was  removed  and  cells  were  washed  three  times  with  ice-cold 
Trisaline,  pH  7.4,  and  immediately  lysed  in  a  buffer  containing  20  mM  Tris,  150  mM  NaCl,  1  mM 
EDTA,  0.5%  deoxycholate,  1%  Triton  X-100,  and  0.1%  SDS.  The  lysate  was  centrifuged  at  4°C  for 
15  min  at  10000  rpm  and  the  supernatant  collected.  An  equal  amount  of  radioactivity  (4  x  106  cpm) 
was  used  for  radioimmunoprecipitation.  A  polyclonal  antibody  (rabbit  IgG)  to  c-fos  protein  (Santa 
Cruz  Biotechnology,  Santa  Cruz,  CA)  was  bound  to  protein  A  agarose  complex.  The  supernatant  was 
incubated  with  this  complex  at  4°C  for  4  hr  and  pelleted  with  three  washings  to  remove  non-specific 
binding.  The  c-fos  proteins  labeled  with  35S-methionine  were  subjected  to  1 0%  SDS-PAGE.  The  gel 
was  dried  and  exposed  to  film. 

Cell  Proliferation 

Cells  were  seeded  in  12-well  plates,  grown  to  confluence,  changed  to  0.5  ml/well  of  an 
essential  medium  containing  0.3%  FBS,  and  continually  incubated  at  37°C  for  24  hr.  Cells  were  used 
for  the  following  experimental  groups:  1)  growth  factor  stimulation;  2)  growth  factor  stimulation  and 
MEK  inhibitor;  and  3)  normal  control  cells  that  did  not  receive  either  manipulation.  Growth  factor 
treatment  to  stimulate  cellular  proliferation  was  for  20  hr.  For  the  final  4  hr,  0.5  ^Ci  of  JH-thymidine 
(ICN  Irvine,  CA)  or  3FI-thymidine  with  the  inhibitor  was  added.  The  medium  was  removed,  and  the 
cells  were  washed  twice  with  PBS,  fixed  with  5%  TCA,  resolved  in  2%  SDS,  then  transferred  into 
scintillation  counting  vials.  Radioactive  incorporation  was  determined  by  scintillation  counting. 
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RESULTS 


Growth  Factors  Activate  MAP  Kinase  in  Human  Corneal  Fibroblasts 

MAP  kinase  activation  induced  by  bFGF,  EGF,  or  PDGF-bb  was  evaluated  by  measuring 
phosphorylation  of  MBP,  a  relatively  specific  substrate  for  MAP  kinase  in  vitro.  Activation 
following  growth  factor  exposure  was  compared  with  PMA,  a  potent  activator  of  MAP  kinase  (33). 
After  stimulation  for  1 5  min,  the  activity  of  the  kinase  was  increased,  in  contrast  to  cells  treated  with 
inhibitor,  where  the  kinase  activity  remained  at  essentially  the  same  levels  as  in  the  untreated 
controls  (Fig.  1). 

We  measured  MAP  kinase  activation  in  a  gel  containing  a  substrate,  MBP,  which  allows  the 
determination  of  the  phosphorylation  of  MBP  by  the  kinase  in  situ.  The  results  showed  two  bands 
migrating  at  42  kDa  and  44  kDa,  which  correspond  to  two  isoforms  of  MAP  kinase  (Fig.  2).  Several 
bands  at  higher  molecular  weight  may  be  protein  kinases  which  can  also  phosphorylate  MBP. 
However,  in  order  to  specifically  determine  if  this  protein  kinase  is  MAP  kinase,  immunoblotting 
and  the  immunoprecipitation  kinase  assay  were  used  to  demonstrate  that  the  activated  protein  kinase 
is  MAP  kinase.  The  differences  in  the  production  of  the  activated  form  of  the  kinase  in  the  presence 
of  growth  factors  with  and  without  inhibitor  are  shown  in  Figures  3  and  4. 

The  results  of  this  experiment  showed  that  the  molecular  species  of  MAPK  activated  by 
growth  factors  was  the  same  as  that  induced  following  treatment  with  PMA. 

Activation  of  the  MAP  Kinase  Pathway  Induces  c-fos 

Fos  proteins  play  a  critical  role  in  fibroblast  proliferation  and  have  been  thought  of  as  key 
components  of  the  transcription  factor  complex,  AP-1 .  Moreover,  activation  of  MAP  kinase  has  been 
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shown  to  be  correlated  to  the  initiation  of  cell  cycle  transition  and  proliferation.  These  experiments 
were  designed  to  investigate  the  relationship  between  MAP  kinase  activity,  c-fos  gene  expression 
and  Fos  protein  production.  To  rule  out  any  artificial  events  in  RT-PCR  experiments,  a 
“housekeeping”  gene,  GAPDH,  was  used  as  a  control  under  the  same  condition  in  all  reaction  steps. 
The  data  indicated  that  the  RT-PCR  results  were  of  high  quality  and  reliable.  An  increase  in  c-fos 
mRNA  expression  was  found  following  growth  factor  stimulation,  but  in  the  cells  exposed  to  the 
MEK  inhibitor,  the  amount  of  c-fos  mRNA  expression  remained  at  the  control  level  (Fig.  5). 
Downstream  of  c-fos  mRNA  expression,  Fos  protein  production  was  determined  by  ^S-methionine 
uptake.  The  results  showed  a  significant  increase  in  the  production  of  Fos  protein  in  cells  treated 
with  growth  factors.  In  contrast,  in  the  cells  that  were  treated  with  growth  factors  but  had  the 
activation  of  the  MAP  kinase  pathway  blocked  with  the  MEK  inhibitor,  protein  production  was 
much  lower,  compared  with  the  cells  that  did  not  undergo  the  inhibition  treatment  (Fig.  6).  In  this 
procedure,  radioimmunoprecipitation  was  used  to  detect  the  amount  of  35S-methionine  uptake  in 
the  cells.  Fos  protein  measured  here  was  newly  synthesis  in  the  cells.  The  results  of  RT-PCR  and 
35S-methionine  uptake  indicated  that  activated  MAP  kinase  can  upregulate  c-fos  gene  expression  and 
protein  production  in  human  comeal  fibroblasts,  but  inhibition  of  MAP  kinase  phosphorylation  can 
abolish  both  c-fos  gene  expression  and  protein  production,  even  in  the  presence  of  growth  factors. 

Activation  of  the  MAP  Kinase  Pathway  and  Cell  Proliferation 

We  have  demonstrated  that  growth  factors  can  induce  an  increase  in  the  phosphorylation  of 
p42  and  p44  MAPK,  and  that  PD98059  can  inhibit  MAP  kinase  activation  and  abolish  Fos  protein 
production  in  human  comeal  fibroblasts.  However,  the  increase  in  c-fos  protein  accumulation 
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following  growth  factor  stimulation  must  be  shown  to  be  related  to  cell  proliferation  since  Fos 
protein  production  has  been  shown  to  be  associated  with  cell  differentiation  as  well  as  apoptotic  cell 
death.  We  next  used  3H-thymidine  uptake  to  determine  if  the  increase  in  c-fos  protein  accumulation 
after  activation  of  MAP  kinase  is  associated  with  cell  proliferation.  The  results  of  this  experiment 
showed  that  growth  factors  enhance  JH-thymidine  uptake  dramatically;  however,3  H-thymidine 
incorporation  induced  by  growth  factor  stimulation  was  abolished  by  inhibiting  MAP  kinase 
activation  with  PD98059,  as  was  Fos  protein  production  by  pretreatment  with  the  inhibitor  of  the 
enzyme  activating  MAPK  (Fig.  7).  This  result  suggested  that  activation  of  the  MAP  kinase  pathway 
is  required  for  the  mitogenic  effect  of  the  growth  factors  on  human  corneal  fibroblasts. 

DISCUSSION 

The  results  of  the  present  study  have  confirmed  that  bFGF,  EGF,  and  PDGF-bb  induce  a 
rapid  activation  of  MAP  kinase  in  human  corneal  fibroblasts.  The  criteria  for  this  have  included 
increased  phosphorylation  of  MBP  in  vitro  by  treated  crude  cell  extracts  and  by  the  proteins 
immunoprecipitated  from  the  extracts  with  a  specific  antibody  to  MAP  kinase.  The  substrate  for 
MAP  kinase  was  also  phosphorylated  at  44  kDa  and  42  ka  in  SDS  gels.  Two  high-density  bands 
were  detected  in  the  cells  treated  with  growth  factors  using  a  specific  antibody  to  activated  MAP 
kinase.  On  the  other  hand,  in  the  cells  treated  with  growth  factors  and  the  inhibitor,  there  was  little 
change  in  the  kinase  activity  when  compared  to  non-stimulated  cells.  These  results  strongly  suggest 
that  the  activated  kinase  detected  is  MAP  kinase. 

The  growth  factors  treated  in  this  study  activate  different  membrane-associated  receptors  (35- 
38).  bFGF  binds  preferentially  to  FGFR-1  and  FGFR-2,  which  have  been  found  to  be  expressed  in 
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human  comeal  fibroblasts.  The  receptor  for  EGF  is  a  170  kDa  transmembrane  tyrosine  kinase 
receptor  which  was  detected  in  full-thickness  cornea  tissues  by  immunofluorescence  staining  and 
expressed  in  comeal  fibroblasts.  PDGF-bb  is  an  isoform  that  is  a  potent  mitogen  and  can  bind  to  both 
a  and  b  receptor  subtypes.  However,  only  PDGFR-b  has  been  shown  to  be  expressed  in  human 
comeal  fibroblasts  (3).  The  receptors  of  these  growth  factors  are  characteristic  for  tyrosine  kinase 
activity,  and  there  is  a  great  degree  of  commonality  in  the  types  of  receptors  for  intracellular 
signaling  pathways  initiated  by  the  proteins.  Binding  of  these  growth  factors  to  the  extracellular 
domain  of  the  receptor  activates  the  tyrosine  kinase  in  the  cytoplasmic  domain,  leading  to 
downstream  activation  of  a  number  of  signaling  molecules  including  Ras,  Raf,  MEK,  and  MAP 
kinase  (34-39).  In  the  MAP  kinase  pathway,  there  are  three  protein  kinase  cascades  consisting  of  a 
serine/threonine  protein  kinase;  MAPKKK,  which  activates  a  dual-specific  protein  kinase;  and 
MAPKK  (or  MEK),  which  in  turn  phosphorylates  MAP  kinase.  Introduction  of  an  anti-Ras  antibody 
or  deletion  of  the  Ras  gene  can  block  this  signal  transduction  pathway  and  eliminate  the  effects  of 
these  growth  factors  (38,39).  This  indicates  that  bFGF,  EGF,  and  PDGF-bb  activate  common 
upstream  component  or  components,  and  commonality  in  the  downstream  MEK1  component  is 
shown  in  the  present  study  by  the  fact  that  the  inhibitor  blocked  the  stimulatory  effects  on  all  of  the 
anticipated  outcomes  of  MAP  kinase  activation. 

Previous  studies  indicate  that  activated  MAP  kinase  can  translocate  into  the  nucleus,  where 
it  regulates  c-fos  gene  expression  and  c-fos  protein  production  (23,40).  The  Fos  protein  and  pre¬ 
existing  Jun  protein  form  a  hetero-dimer,  which  forms  the  AP-1  transcription  factor,  resulting  in  high 
levels  of  AP-1  DNA  binding  activity  (23,24,41).  The  c-fos  protein  has  been  implicated  as  a  key 
molecule  in  cell  proliferation,  differentiation,  and  transformation,  but  Fos  protein  has  also  been 
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associated  with  apoptotic  cell  death  in  response  to  cellular  injury  (42,43).  That  study  suggested  that 
Fos  protein  plays  a  causal  role  in  the  activation  of  apoptosis  in  a  p53-dependent  manner,  but  the  Fos 
protein  functioning  as  a  transcriptional  repressor  is  not  newly  synthesized  (42). 

Our  study  demonstrated  that  growth  factors  activate  MAP  kinase;  subsequently,  activated 
MAP  kinase  can  enhance  Fos  protein  accumulation,  which  was  confirmed  to  be  a  newly  synthesized 
protein  by  radioimmunoprecipitation  assay  with  j5S-methionine  uptake.  This  suggestion  is 
reinforced  by  the  parallel  experiment,  which  showed  that  the  inhibitor  blocks  activation  of  MAP 
kinase  and  abolishes  Fos  protein  and  c-fos  message  production,  as  well  as  DNA  synthesis.  We 
observed  that  growth  factors  activate  MAP  kinase,  which  is  associated  with  an  increase  in  protein 
production  and  DNA  synthesis  in  human  .corneal  fibroblasts.  This  result  is  in  agreement  with 
previous  observations  that  cell  cycle  transition  into  proliferation  is  related  to  activation  of  MAP 
kinase.  MAP  kinase  also  enhances  the  activity  of  transcriptional  factor  AP-1  by  upregulation  of  c-fos 
protein  production  (23).  The  phenomena  of  a  parallel  relationship  between  MAP  kinase  activity  and 
the  mitogenic  effect  suggested  that  activation  of  MAP  kinase  is  required  for  growth  factor 
stimulation  to  drive  human  comeal  fibroblast  proliferation.  This  signal  transduction  pathway  serves 
to  link  the  signals  from  the  cellular  surface  into  cytoplasmic  and  nuclear  events.  Experiments  that 
have  injected  oncogenic  Ras  or  Raf  into  quiescent  fibroblasts  have  shown  stimulation  of  DNA 
synthesis  in  the  absence  of  the  growth  factors,  bFGF,  EGF,  or  PDGFbb  (44-48).  This  suggests 
commonality  of  upstream  components  from  MAPK  and  the  activation  of  nuclear  events;  however, 
intracytoplasmic  activation  remains  to  be  completely  elucidated. 

Investigations  in  vivo  and  in  vitro  have  demonstrated  that  growth  factors  accelerate  comeal 
wound  healing  in  a  variety  of  ways  including  an  increasing  activity  and  growth  of  cells  in  all  comeal 
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layers  and  by  enhancement  of  comeal  tensile  strength  (4,1 1 ,49).  Growth  factors  can  promote  stromal 
fibroblasts  to  migrate  to  the  site  of  injury,  proliferate,  and  then  synthesize  extracellular  matrix 
molecules,  such  as  collagen  (7).  On  the  other  hand,  growth  factors  also  stimulate  the  synthesis  of 
fibronectin,  hyaluronic  acid,  and  collagenase,  and  cell  adhesion  and  migration  also  require  activation 
of  MAP  kinase  (50).  The  results  of  this  study  and  previous  investigations  suggest  a  mechanism  of 
how  growth  factors  act  to  regulate  these  important  cellular  functions.  Initially,  growth  factors  bind 
to  tyrosine  receptors  on  the  cell  membrane  triggering  autophosphorylation  of  the  cytoplasmic  domain 
of  the  receptor  and  downstream  activation  of  the  MAP  kinase  cascade.  Serial  phosphorylation  of 
intracellular  protein  cascades  with  nuclear  translocation  results  in  the  upregulation  of  c-fos  gene 
transcription  and  the  Fos  protein  product  with  increased  AP-1  activity.  The  subsequent  activation 
of  a  large  number  of  genes  required  for  DNA  synthesis  moves  the  cell  into  a  round  of  cell  division, 
increasing  the  activity  of  the  wound  response.  However,  it  should  be  borne  in  mind  that  in  vivo 
responses  to  injury  are  complex  biological  processes  and  more  sophisticated  mechanisms  will 
probably  be  discovered  in  future  studies. 
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FIGURE  LEGENDS 


Fig.  1 .  Growth  factors  induce  and  MEK1  inhibitor  prevents  phosphorylation  of  myelin  basic  protein 
(MBP).  Human  corneal  fibroblasts  were  treated  with  10  ng/ml  bFGF,  20  ng/ml  EGF,  20  ng/ml 
PDGF-bb,  and  300  ng/ml  PMA  alone  for  15  min  or  in  combination  with  inhibitor  (I).  Gross  cell 
lysates  were  incubated  in  kinase  assay  buffer  containing  [r-32P]  ATP  and  MBP.  Phosphorylation  of 
MBP  was  determined  by  the  protein  kinase  assay.  Statistical  analysis  (Student’s  /-test)  showed  that 
growth  factor-treated  cells  demonstrated  greater  amounts  of  MAPK  activity,  compared  to  control 
cells  (p=0.05  or  better  for  all  cases).  Inhibition  of  MAPK  activity  was  significant  in  all  situations 
(pFGF,  p=0.04;  EGF,  p=0.01;  PDGF,  p=0.04;  PMA,  p=0.01). 

Fig.  2.  The  inhibitor  blocks  growth  factor  activation  of  44  kDa  and  42  kDa  protein  kinases.  In  these 
experiments,  20  iA  of  cell  extract  were  subjected  to  10%  polyacrylamide  gel  containing  0.1  mg/ml 
of  MBP.  After  electrophoresis,  the  gel  was  treated  as  indicated  in  Materials  and  Methods  and  the 
protein  kinase  was  detected.  Right  side  of  panel  indicates  molecular  weight. 

Fig.  3.  The  inhibitor  PD98059  abolished  growth  factor  increases  of  the  active  form  of  MAP  kinase. 
Equal  volumes  of  cell  lysates,  treated  or  untreated,  were  separated  by  12%  SDS-PAGE.  The  protein 
in  the  gel  was  transferred  onto  a  membrane  and  blocked  with  a  primary  antibody  specific  to  the 
active  form  of  MAP  kinase,  p44MAPK  and  p42MAPK.  The  immunocomplex  on  the  membrane  was 
detected  with  a  secondary  antibody  labeled  with  horseradish  peroxidase. 
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Fig.  4.  PD98059  inhibition  of  growth  factor-induced  activation  of  MAP  kinase.  Anti-MAP  kinase 
antibody  was  bound  to  protein  A-agarose  beads,  and  this  complex  was  incubated  with  diluted  cell 
lysate  at  4°  C  for  4  hours.  The  precipitated  MAP  kinase  protein  was  assayed  by  the  phosphorylation 
of  MBP  by  the  presence  of  [r-j2P]  ATP.  The  phosphorylated  MBP  was  resolved  in  SDS-PAGE  and 
dried  for  autoradiography. 

Fig.  5.  Regulation  of  c-fos  gene  expression  in  human  corneal  fibroblasts.  The  cells  were  treated  as 
described  in  Materials  and  Methods  and  total  RNA  was  extracted  from  the  cells.  Nested  RT-PCR 
was  carried  out  with  GAPDH  as  an  internal  control.  PCR  products  were  resolved  in  a  1%  agarose 
gel  and  visualized  by  ethidium  bromide  staining.  The  predicted  size  of  the  c-fos  amplicon  DNA  is 
317  bp  and  GAPDH  is  419  bp.  DNA  base  pair  ladder  markers  are  provided  to  the  left  of  the  panel. 

Fig.  6.  Inhibition  of  MAP  kinase  activation  and  elimination  of  c-fos  protein  synthesis.  Confluent 
cells  were  starved  in  serum-  and  methionine-free  medium  for  16  hours,  and  treated  with  growth 
factors  or  growth  factors  plus  inhibitor  for  15  min.  Then  35S-methionine  was  added  for  another  15 
min  and  lysated.  Equal  amounts  of  radioactivity  were  used  for  immunoprecipitation  with  antibody 
to  Fos  protein.  The  immune-complexes  were  subjected  to  SDS-PAGE  and  exposed  to  film. 

Fig.  7.  Human  corneal  fibroblast  proliferation  requires  activation  of  MAP  kinase.  The  cells  grown 
to  confluence  were  cultured  in  medium  containing  growth  factors  for  20  hours.  For  the  final  4  hours, 
H-thymidine  or  H-thymidine  with  inhibitor  (I)  was  added,  the  cells  were  washed,  fixed  with  5% 
TCA,  resolved  in  2%  SDS,  and  transferred  into  scintillation  counting.  The  means  and  standard  errors 
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for  three  independent  experiments  are  shown.  Statistical  analysis  showed  that  cell  proliferation  was 
significantly  increased  by  the  presence  of  the  growth  factor  or  PMA  (p=0.03  or  greater). 
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IV.  Expression  of  c-fos  Protein  in  the  Spinal  Cord  After  Brachial  Plexus 
Injury:  A  Comparison  of  Root  Avulsion  with  Distal  Nerve  Transection 

SUMMARY 

To  simulate  an  injury  of  the  brachial  plexus,  adult  male  rats  underwent  an  experimental 
injury  while  under  transient  anesthesia  produced  by  halothane  inhalation.  The  brachial  plexus  was 
lesioned  by  either  root  avulsion  close  to  the  spinal  cord  in  one  group,  or  distal  nerve  transection  in 
the  second  group.  The  rats  quickly  revived,  remained  awake  until  sacrifice  at  30,  60  and  120  min 
post-operatively.  In  rats  with  avulsive  injury,  traumatic  sites  on  the  dorsal  hom  and  the  ventral  horn 
of  the  spinal  cord  were  microscopically  detected.  Expression  of  c-fos  protooncogene  in  the  spinal 
cord  was  detected  by  immuno-cytochemistry  for  the  Fos  product.  The  two  experimental  groups  were 
compared  with  each  other  and  with  the  sham  control  animals  at  the  same  survival  times.  An  increase 
in  Fos-like  immunoreactivity  (FLI)  in  cells  of  the  spinal  cord  at  levels  C4  to  T1  was  detected  at  30 
min  after  nerve  transection  or  root  avulsion.  The  number  of  FLI-positive  cells  continued  to  rise  at 
60  and  120  min  post-nerve  injury  (p=0.001).  FLI-positive  cells  compared  at  level  C7  in  laminae  1-2, 
3-4,  and  5-10  after  the  two  treatments  were  found  to  be  significantly  more  abundant  after  avulsion 
injury  (p=0.0001);  also,  the  number  of  positive  cells  continued  to  increase  over  time  after  injury 
(p=0.001).  At  all  levels,  both  experimental  groups  demonstrated  significantly  greater  numbers  of 
positive  cells  than  the  controls;  the  group  with  nerve  root  avulsion  showed  significantly  (p  =  0.0001) 
greater  incrases  in  positive  cells  compared  with  the  group  with  distal  nerve  transection.  These  results 
suggest  that  nerve  root  avulsion  of  the  spinal  cord  leads  to  heightened  and  prolonged  expression  of 
c-fos  and  potentially,  transcription  of  new  messages  for  cell  recovery,  cell  survival,  or  cell  death. 
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INTRODUCTION 


Peripheral  nerve  damage  is  often  part  of  the  scenario  resulting  from  extremity  injury. 
Moreover,  avulsion  of  one  or  more  roots  of  the  spinal  cord  happens  in  approximately  70%  of  severe 
brachial  plexus  stretch  avulsion  injuries  (1).  Nerve  section  at  a  distance  from  the  dorsal  root  ganglion 
and  spinal  cord  has  classically  been  found  to  result  in  chromatolysis  of  sensory  and  motor  neurons. 
Molecular  responses  in  the  cell  body  result  in  the  increased  transcription  of  novel  messenger  RNAs, 
which  are  involved  in  the  production  of  structural  and  membrane  proteins  and  which  regulate  the 
consequences  and  recovery  from  injury  (2,3).  In  contrast,  severe  injury  proximal  to  the  brachial 
plexus  or  the  lumbo-sacral  plexus  may  have  more  deleterious  long  range  consequences,  accompanied 
by  increased  neuronal  death.  Permanent  but  variable  losses  in  motor  and/or  sensory  functions  are 
common  findings  in  such  patients.  The  retrograde  damage  to  the  neuron  resulting  from  injury  close 
to  the  plexus  can  often  be  serious  enough  to  be  incompatible  with  neuronal  survival  (4). 

Traumatic  or  ischemic  injuries  to  the  central  nervous  system  initiate  reactive  molecular  and 
biochemical  changes,  some  of  which  are  autodestructive  and  others  neuroprotective  (5).  After 
peripheral  nerve  injury  or  various  types  of  stimulation,  an  immediate-early  gene  (IEG),  c-fos,  has 
been  shown  to  appear  rapidly  within  cells  of  the  spinal  cord  (6-15).  This  gene  codes  for  the  Fos 
protein  products,  which  forms  the  Fos/Jun  dimer,  and  binds  to  the  consensus  AP-1  binding  site, 
regulating  the  expression  of  other  genes  (16).  Avulsive  injury  of  the  brachial  plexus  close  to  the 
spinal  cord  is  suggested  to  lead  to  severe  degeneration  of  the  neurons  in  the  spinal  cord  when 
compared  with  distal  peripheral  nerve  injury.  Previous  studies  have  shown  that  transection  or  crush 
of  the  rat  sciatic  nerve  will  induce  expression  of  c -fos  in  the  dorsal  root  ganglia,  spinal  cord,  and 
higher  centers  (7,17-19).  However,  the  expression  of  c -fos  has  not  been  investigated  after  an  injury 
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close  to  the  spinal  cord,  such  as  brachial  plexus  avulsive  injury,  which  results  in  a  more  serious  and 
complex  neurosurgical  problem  and  poorer  outcome  (20). 

In  the  present  study,  the  brachial  plexus  nerves  were  injured  in  rats  by  either  avulsive  injury 
of  the  brachial  plexus  close  to  the  spinal  cord,  or  by  distal  transection  of  the  branches  of  the  brachial 
plexus.  The  expression  of  Fos-protein  in  the  rat  spinal  cord  was  investigated  by  using  an 
immunocytochemical  method  and  the  number  of  neurons  revealing  FLI  were  quantified  to  compare 
the  difference  in  neuronal  responses  in  the  spinal  cord  after  these  two  types  of  injury.  A  variable  time 
course  of  the  appearance  of  c-fos  protein  increases  in  the  CNS  under  different  pathological 
conditions  has  been  described  (21).  The  largest  change  in  positive  Fos-like  immunoreactivity  was 
found  to  be  within  2  hours  after  peripheral  nerve  injury  or  noxious  stimulation  (19,22).  In  the  present 
study,  FLI  was  found  to  increase  over  control  after  30  minutes,  but  the  avulsive  injury  resulted  in 
significantly  more  positive  cells  than  the  distal  nerve  transection  at  30,  60,  and  120  minutes  post¬ 
injury. 

METHODS  AND  MATERIALS 
Animal  Model  and  Surgical  Procedure 

Male  Sprague-Dawley  rats  (270-350  gram)  were  anesthetized  by  halothane  inhalation.  The 
brachial  plexus  (C4  to  Tl)  was  exposed  from  the  outlet  of  the  vertebrae  down  to  the  axilla  by  a 
ventral,  midline  incision  extending  to  the  axilla  on  both  sides.  After  the  skin  and  subcutaneous 
tissues  were  cut,  stemohyoideus  muscles  were  separated  from  the  midline.  The  muscles  were 
retracted  laterally  so  that  cervical  vertebraes  could  be  exposed.  The  cervical  nerves  4  to  8  and 
thoracic  nerve  1  were  carefully  separated  from  paraspinal  muscles.  All  of  the  branches,  except  for 
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small  dorsal  branches,  which  were  cut  as  far  distally  as  possible,  were  separated  and  prepared  to  be 
used  for  one  of  the  injury  procedures.  The  following  procedures  were  applied  to  rats  randomly 
assigned  to  one  of  three  groups:  1)  In  the  first  group,  nerve  roots  of  C4  to  T1  were  rapidly  stretched 
out  from  the  spinal  cord  with  a  small  hemostat;  the  dorsal  root  ganglia  were  mobilized  in  the  process. 
2)  In  the  next  treatment  group,  the  same  nerves  were  cut  from  1 .5  to  2.5  cm  from  the  spinal  cord.  3) 
In  the  third  group  (sham  controls),  incisions  were  made  without  nerve  injury.  The  time  for  the 
operation  was  about  10  min.  The  rats  began  to  move  their  lower  limbs  and  to  awaken  about  3 
minutes  after  the  halothane  was  eliminated. 

Specimen  Processing  and  Immunocytochemistry 

The  rats  were  anesthetized  at  30  minutes,  60  minutes  and  120  minutes  with  phenobarbital 
(IP),  and  prepared  for  perfusion  through  the  heart  with  250  ml  saline  followed  by  250  ml  of  4% 
paraformaldehyde.  The  spinal  cord  at  levels  C4  to  T1  was  removed  and  post-fixed  in  4% 
paraformaldehyde  for  4  hours  and  immersed  for  24  hrs  in  30%  sucrose  in  PBS.  Frozen  sections  of 
40  pm  were  cut  and  processed  for  the  avidin-biotin  immunohistochemical  procedure  using  the 
peroxidase  Vectastain  Elite  ABC  Kit  (Vector  Laboratories,  Burlingame,  CA)  and  the  protocol 
suggested  by  the  manufacturer.  For  detecting  FLI,  the  sections  were  incubated  in  a  1:500 
concentration  of  a  polyclonal  antibody  for  Fos  protein  (PC05,  Oncogene  Science,  Uniondale,  NY). 
Control  sections  were  incubated  in  the  presence  of  Fos  peptides  (PC09,  PC  10,  Oncogene  Science, 
Uniondale,  NY)  to  which  the  antibodies  were  raised.  After  the  DAB  reaction  was  completed, 
sections  were  air  dried,  mounted,  and  cover  slipped. 
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Quantification  of  Neurons  with  FLI 


The  sections  were  studied  with  darkfield  and  brightfield  microscopy,  and  projection  drawings 
were  made  using  a  camera  lucida  attachment  (13,23).  To  map  the  pattern  of  cells  that  expressed  Fos 
immunoreactivity,  outlines  of  the  C4  to  T1  segments  were  drawn  and  the  distribution  of  FLI  neurons 
plotted  onto  the  drawing  under  darkfield  illumination.  FLI-positive  cells  of  spinal  cord  segments  of 
C4  to  T1  were  counted.  Labeled  cells  from  three  random  histological  sections  in  each  segment  were 
counted  and  averaged.  Individual  counts  of  grouped  laminae  were  made  to  discern  potential 
differences  between  the  sensory  and  motor  systems.  Thus,  laminae  were  grouped  as  follows:  1  and 
2,  3  and  4,  and  5-10.  The  counts  were  made  by  an  investigator  (YP)  who  was  blind  to  the  particular 
treatment  that  the  animals  received.  Statistical  analysis  of  the  data  was  obtained  by  the  use  of  the 
Statistical  Analysis  System  program  on  an  IBM-compatible  computer  (SAS  Institute  Inc.  SAS 
Language  Reference.  Version  6.  Cary,  NC:  SAS  Institute,  1990).  An  analysis  of  variance  was  carried 
out  to  compare  the  effects  of  the  sham  procedure  with  the  two  treatments,  nerve  section  and  nerve 
avulsion,  with  the  segment  level  of  the  spinal  cord  and  also  the  time  after  each  injury.  The  level  of 
significance  reported  as  statistically  significant  was  p  less  than  or  equal  to  0.05.  Protected  t-tests  on 
least  square  means  derived  from  the  ANOVA  were  used  to  compare  the  interactions  between 
treatment,  spinal  cord  level,  and  time  as  well  as  the  differences  between  the  lamina.  The  means  and 
standard  errors  were  processed  with  Excel  (Microsoft  Corp,  Seattle,  WA)  to  plot  out  the  histograms. 

RESULTS 
Spinal  Cord  Injury 

Examination  of  the  spinal  cord  and  dorsal  root  ganglia  at  the  time  of  sacrifice  indicated  that 
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the  sham  and  distal  nerve  transection  procedures  had  no  effect  on  the  normal  structural  appearance 
as  seen  under  an  operating  microscope.  On  the  other  hand,  bleeding  within  the  dural  cavity  was  seen 
in  each  rat  with  avulsive  injury.  The  spinal  cord  injuries  in  the  rats  with  avulsive  injury  could  be  seen 
under  the  microscope.  Both  the  dorsal  horn  and  the  ventral  hom  were  traumatically  injured  (Fig.  1 , 
C  and  D).  Most  lesions  on  the  dorsal  hom  were  found  in  the  superficial  laminae  1  and  2.  There  were 
many  neurons  located  within  1 00  pm  of  the  lesion  sites.  Lesion  sites  were  also  detected  within  the 
ventral  horns.  Many  motor  neurons  were  close  to  the  lesion  sites. 

Fos  Protein  Expression 

In  normal  rats  (n=2)  quickly  killed  by  pentobarbital  and  without  any  operative  procedures, 
almost  no  FLI  cells  were  seen  in  the  spinal  cord  segments  C4  to  Tl.  However,  the  baseline  statistical 
comparisons  were  made  with  a  group  of  sham  control  animals  that  underwent  the  same  halothane 
anesthesia,  skin  incision,  and  revival  for  30  minutes,  60  minutes,  and  120  minutes. 

The  sham  control  rats  had  a  slight  but  non-significant  increase  in  the  number  of  FLI  neurons 
in  the  medial  half  of  the  superficial  dorsal  hom  (Fig.l).  These  segments  corresponded  to  the 
termination  site  of  cutaneous  nerve  afferents  from  the  incision  area  (18,24). 

Both  experimental  groups  demonstrated  greater  Fos-like  immunoreactivity  than  the  sham 
operated  animals.  FLI  detection  in  the  spinal  cord  showed  increased  number  of  cells  exhibiting  c -fos 
protein  expression  30  min  postoperatively  and  at  all  postoperative  times  thereafter  (p  =  0.0001).  The 
levels  continued  to  rise  from  30  to  60  min  and  from  60  to  120  min  post-nerve  injury  (Fig.  2).  The 
increased  number  of  cells  expressing  FLI  appeared  mainly  in  the  spinal  cord  from  laminae  1  to  7  and 
10,  with  the  greatest  number  in  laminae  1  and  2  (Fig.  3).  The  distribution  was  similar  from  30  min 
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to  120  min  in  both  nerve  root  avulsion  and  nerve  transection.  However,  FLI  increased  more  rapidly 
after  nerve  avulsion  than  after  distal  section.  Thirty  minutes  after  the  procedures,  the  number  of 
positive  neurons  was  significantly  greater  for  animals  with  nerve  avulsion  than  for  those  with  nerve 
section.  The  differences  continued  to  exist  at  60  min  and  120  min  postoperatively  (Figs.  2  and  3). 
There  were  more  neurons  positive  for  FLI  from  superficial  to  the  deep  laminae  of  spinal  cord  in  the 

rats  with  nerve  root  avulsion  than  in  those  with  distal  transection,  especially  in  laminae  1  and  2  (Fig. 
4;  p=0.0001). 

In  the  rats  with  nerve  root  avulsion,  there  were  many  neurons  expressing  Fos-protein  in 
laminae  1  and  2  close  to  the  lesion  site  at  spinal  cord  levels  C-6  and  7  of  the  dorsal  hom  (Fig.l). 
Expression  of  c -fas  in  the  motor  neurons  was  less  distinctly  detected  in  rats  with  distal  nerve 

transection,  but  quite  a  few  motor  neurons  were  found  to  express  c -fas  in  the  nerve  root  avulsion 
animals  (Fig.  1). 

Analysis  of  the  positive  cell  counts  for  c -fas  for  treatments  showed  that  overall  the  avulsion 
injury  stimulated  c -fas  expression  in  significantly  more  cells  at  all  times  after  surgery  (p=0.0001) 
(means  ±  s.e.  29.4±  0.3  and  19.5  ±  0.3,  avulsion  and  nerve  section,  respectively).  Cells  expressing 
FLI  immunoreactivity  were  also  significantly  greater  in  number  even  when  the  effect  of  the  two 
injuries  was  considered  at  the  three  times  after  injury  (p=0.0001).  The  primary  effect  on  evoking  FLI 
immunoreactivity  was  seen  at  levels  C6  and  C7  (Fig.  1  and  2).  Moreover,  at  2  hrs  FLI  expression 

was  significant  (p-0.0001)  for  all  of  these  comparisons  except  for  the  0.5  hr  cell  count  at  level  Cl, 
which  was  significant  at  the  p=0.0023  level. 

The  increased  number  of  cells  expressing  FLI  appeared  mainly  in  the  spinal  cord  from 
laminae  1  to  7  and  10,  with  the  greatest  number  in  laminae  1  and  2  (Figures  1  and  4).  Analysis  of 
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the  laminae  at  spinal  cord  level  C-7  showed  the  clear  effect  of  mechanical  disruption  of  the  cells  of 
the  dorsal  hom  compared  to  the  more  ventral  lying  neurons.  Comparisons  of  laminae  1-2,  3-4,  and 
5-10  at  the  three  times  showed  that  the  laminae  and  experimental  treatment  were  significant  (p  = 
0.01)  and  that  the  increased  expression  from  30  minutes  to  120  minutes  was  significant  at  the 
p=0.0001  level.  However,  detailed  statistical  analysis  of  the  data  showed  that  this  was  primarily  irom 
increased  FLI  in  laminae  1-2  at  60  minutes  and  120  minutes  (both  comparisons  with  3-4  and  5-10 
found  these  to  be  significant  at  the  p=0.001  level).  Analysis  of  laminae  5-10  at  all  times  showed  no 
difference  between  avulsion  and  nerve  transection  at  any  of  these  times.  However,  if  the  positive 

spinal  motor  neurons  were  counted  separately,  the  avulsion  procedure  would  show  an  increase  in  FLI 
expression  in  this  group. 

DISCUSSION 

Brachial  plexus  injury  is  commonly  found  following  trauma  by  acceleration  of  the  head, 
neck,  and  upper  limbs  (1,20).  This  injury  usually  causes  a  serious  fimctional  problem  in  the  injured 
upper  extremity.  Disability  is  attributed  to  the  fact  that  many  neurons  undergoing  axonectomy  do  not 
survive.  The  current  study  provides  evidence  that  avulsion  close  to  the  spinal  cord  may  cause 
bleeding  into  the  intra-dural  cavity  and  spinal  injury.  There  is  no  doubt  that  all  the  injuries  to  the 
dorsal  hom  and  ventral  hom  can  cause  serious  functional  problems  because  of  cell  loss.  Fos-Iike 
immunoreactivity  in  the  neurons  of  the  spinal  cord  is  a  marker  used  to  map  changes  in  neuronal 
activity  following  noxious  or  non-noxious  stimulation  (7,14,16,17,22,25).  An  increase  in  c-fos 
expression  has  been  demonstrated  in  rats  with  sciatic  nerve  transection  or  crush  (1 8, 19,26-27).  In  this 
study,  we  detected  elevated  levels  of  Fos-Iike  protein  in  the  spinal  cord  of  rats  with  either  nerve  root 
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avulsion  or  distal  transection. 


It  is  suggested  that  c-fos  may  participate  in  the  regulation  of  increased  opioid  gene  expression 
in  the  spinal  cord;  incrases  in  the  products  of  the  opioid  family,  including  preprodynotphin  and 
preproenkephalin,  were  induced  in  the  spinal  cord  by  peripheral  inflammation  (8).  Other  authors 
found  that  electroacupuncture  can  suppress  c-fos  expression;  this  effect  was  through  to  be  mcdmt cd 
either  by  opiate  sensitive  circuitry  or  by  non-opiate  neurotransmitters  (15).  Anesthetics  and  systemic 
motphine  can  suppress  c-fos  expression  and  local  anesthetic  blockade  of  these  neurons  significantly 
decreased  the  number  of  FLI  neurons  (18,19,22,28).  In  the  current  study,  the  animals  underwent 

nerve  injuty  then  were  rapidly  awakened,  which  may  decrease  the  effects  of  anesthesia  on  c-fos 
protein  expression. 

Local  stimulation  by  electricity  orN-methyl-D-aspartate  can  induce  c-fos  expression  of  spinal 
neurons  (29).  In  the  current  study,  only  the  primary  sensory  neurons  and  motor  neurons  were 
stimulated  directly  in  the  animals  with  distal  transection  of  spinal  nerves.  However,  in  the  animals 
with  nerve  root  avulsion,  postsynaptic  neurons  located  in  the  dorsal  horn  might  be  directly  stimulated 

due  to  the  injury  to  the  spinal  cord.  The  c-fos  expression  in  rats  with  nerve  root  avulsion  was  more 
intense  than  that  following  distal  nerve  transection. 

After  axonectomy,  apoptosis  may  be  initiated  in  the  lesioned  neurons  (30-32).  Apoptosis  is 
considered  as  a  highly  regulated  process  that  ultimately  leads  to  neuronal  cell  death.  Cells 
undergoing  apoptosis  can  be  identified  by  cell  shrinkage,  chromatin  condensation,  and  cellular 
fragmentation  (33).  It  is  interesting  that  some  proteins  that  function  as  modulators  in  cell 
proliferation  and  differentiation  also  regulate  the  apoptotic  process  (34,35).  The  Fos  protein  appeared 
rapidly  within  the  spinal  neurons  following  nerve  injury  (13,26).  This  protein  has  been  shown  to 
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to«i„„  as  an  activator  to  control  subsequent  transcription  of  other  genes,  the  products  of  which 
could  be  required  for  long-term  changes  in  neuronal  excitability  and  repair  (28,36).  More  recently, 
Fos  protein  has  been  demonstrated  to  function  as  a  primary  modulator  of  apoptotic  cell  death  or 
programmed  death  (35,37,38).  I,  is  also  reported  that  transection  of  sciatic  nerve  induced  increased 
expression  of  cfos  and  apoptosis  in  the  spinal  neurons  (39).  Our  study  showed  that  in  the  early  stage 
of  peripheral  nerve  injtuy,  avulsion  close  to  the  spinal  cord  could  damage  the  spinal  cord  gray  matter, 


suggesting  more  intense  stimuli  to  the  spinal  neurons  compared  with  distal  nerve  transection.  This 
pronounced  induced  c -fos  expression  in  the  neurons  of  the  spinal  cord  may  play  a  role  in  the 
apoptotic  process,  which  may  result  in  greater  neuronal  cell  death  in  nerve  root  avulsion  than  in 
distal  nerve  transection.  Loss  of  ceils  in  the  gray  matter  of  the  spinal  cord  is  responsible  for  the 


functional  deficit. 


The  relationship  between  neuronal  degeneration  and  the  remaining  dendrite  length  after 
dendrite  transection  was  investigated  in  cell  culture  (40-42).  Dendrites  were  amputated  at  lesion 
distances  of  etther  50  microns  or  100  microns  from  their  perikatya.  Operated  neurons  showed 
ultrastructural  damage  that  spread  from  the  transection  site  towards  the  perikaryon  within  15  min. 
The  probability  of  ceil  survival  was  closely  related  to  the  remaining  dendrite  length.  The  neurons 
with  the  longer  dendrites  had  a  htgher  survival  rate.  The  cutrent  study  showed  that  in  nerve  root 
avulsion,  the  spinal  cord  can  be  seriously  damaged,  and  neurons  in  the  dorsal  horn  and  the  ventral 
horn  can  be  injured.  Many  neurons  may  be  axonectomized  within  1 Ofinm  of  their  cell  bodies  and 
these  neurons  may  not  survive.  Expression  of  c -fos  in  these  cells  may  imply  that  the  Fos  protein 
plays  a  role  in  the  neuronal  degeneration  seen  with  spinal  cord  injury.  The  significantly  higher  c -fos 
expression  in  avulsive  injury  compared  with  distal  nerve  transection  indicates  that  avulsive  inju.y 


43 


exertes  direct  effects  on  spinal  neurons,  which  may  precede  cell  recovery  or  possibly  cell  death. 


44 


REFERENCES 


1 .  Zorub  D,  Nashold  BS,  Cook  WA.  Avulsion  of  the  brachial  plexus:  A  review  with 
implications  on  the  therapy  of  intractable  pain.  Surg  Neurol  1974;2:347-353. 

2.  Edstrom  JE.  Ribonucleic  acid  changes  in  motoneurons  of  frog  during  axon  regeneration.  J 
Neurochem  1959;5:43-49. 

3.  Ducker  TB.  Kaufmann  FC.  Metabolic  factors  in  the  surgery  of  peripheral  nerves.  Clin 
Neurosurg  1977;24:406-424. 

4.  Grafstein  B,  McQuarrie  I.  Role  of  the  nerve  cell  body  in  axonal  regeneration  In:  Cotman 
CW,  ed:  Neural  Plasticity.  New  York:  Raven  Press,  1978. 

5.  Yakolev  AG,  Faden  AI.  Molecular  strategies  in  CNS  injury.  J  Neurotrauma  1995;  12:767- 
777. 

6.  Hunt  SP,  Pini  A,  Evan  G.  Induction  of  c-yb.s'-like  protein  in  spinal  cord  neurons  following 
sensory  stimulation.  Nature  1987;328:632-634. 

7.  Bullitt  E.  Induction  of  c-Tbs-like  protein  within  the  lumbar  spinal  cord  and  thalamus  of 
the  rat  following  peripheral  stimulation.  Brain  Res  1989;493:391-397. 

8.  Draisci  G,  Iadarola  MJ.  Temporal  analysis  of  increases  in  c-fos  preprodynorphin  and 
preproenkephalin  mRNAs  in  rat  spinal  cord.  Mol  Brain  Res  1989;6:31-37. 

9.  Menetrey  D,  Gannon  A.  Levine  JD,  et  al.  Expression  of  c-fos  protein  in  intemeurons  and 
projection  neurons  of  the  rat  spinal  cord  in  response  to  noxious  somatic  articular  and 
visceral  stimulation.  J  Comp  Neurol  1989;285:177-195. 

10.  Sheng  M,  Greenberg  ME.  The  regulation  and  function  of  c-fos  and  other  immediate  early 
genes  in  the  nervous  system.  Neuron  1990;4:477-485. 

1 1 .  Williams  S,  Evan  GI,  Hunt  SP.  Changing  patterns  of  c-fos  induction  in  spinal  neurons 
following  thermal  cutaneous  stimulation  in  the  rat.  Neuroscience  1990;36:73-81. 

12.  DeLeo  JA,  Coombs  DW,  McCarthy  LE.  Differential  c-fos  protein  expression  in 
mechanically  versus  chemically  induced  visceral  nociception.  Mol  Brain  Res 
1991;11:167-170. 

13.  Abbadie  C,  Lombard  MC,  Morain  F,  et  al.  Fos-like  immunoreactivity  in  the  rat 
superficial  dorsal  hom  induced  by  formalin  injection  in  the  forepaw:  effects  of  dorsal 


45 


rhizotomies.  Brain  Res  1992;578:17-25. 


14.  Bullitt  E,  Lee  CL,  Light  AR,  et  al.  The  effect  of  stimulus  duration  on  noxious-stimulus 
induced  c-fos  expression  in  the  rodent  spinal  cord.  Brain  Res  1992;580:172-179. 

15.  Lee  JH,  Beitz  AJ.  Electroacupuncture  modifies  the  expression  of  c-fos  in  the  spinal  cord 
induced  by  noxious  stimulation.  Brain  Res  1992;577:80-91. 

16.  Morgan  JI,  Curran  T.  Stimulus-transcription  coupling  in  the  nervous  system:  involvement 
of  the  inducible  proto-oncogenes  fos  and  jun.  Annu  Rev  Neurosci  1991;14:421-45 1 . 

17.  Dragunow  M.  Presence  and  induction  of  Fos  B-like  immunoreactivity  in  neural  but  not 
non-neural  cells  in  adult  rat  brain.  Brain  Res  1990;533:324-328. 

1 8.  Chi  S,  Levine  JD,  Basbaum  AI.  Effects  of  injury  discharge  on  the  persistent  expression  of 
spinal  cord  fos-like  immunoreactivity  produced  by  sciatic  nerve  transection  in  the  rat. 
Brain  Res  1993;617:220-224. 

19.  Chi  S,  Levine  JD.  Basbaum  AI.  Peripheral  and  central  contributions  to  the  persistent 
expression  of  spinal  cord  fos-like  immunoreactivity  produced  by  sciatic  nerve  transection 
in  the  rat.  Brain  Res  1993;617:225-237. 

20.  Kline  DG,  Hudson  AR.  Nerve  Injuries:  Operative  Results  for  Injuries  Entrapments  and 
Tumors.  Philadelphia:  WB  Saunders  Company,  1995. 

21 .  Phillips  LL,  Belardo  ET.  Expression  of  c-fos  in  the  hippocampus  following  mild  and 
moderate  fluid  percussion  brain  injury.  J  Neurotrauma  1992;9:323-332. 

22.  Presley  RW,  Menetrey  D,  Levine  JD,  et  al.  Systemic  morphine  suppresses  noxious 
stimulus-evoked  Fos  protein-like  immunoreactivity  in  the  rat  spinal  cord.  J  Neurol  Sci 
1990;10:323-335. 

23.  Pang  Y,  Kiba  H,  Jayaraman  A.  Acute  nicotine  injections  induce  c -fos  mostly  in  non- 
dopaminergic  neurons  of  the  midbrain  of  the  rat.  Mol  Brain  Res  1993;20:162-170  ■ 

24.  Szentagothai  J,  Kiss  T.  Projection  of  dermatomes  on  the  substantia  gelatinosa.  Arch 
Neurol  Psychiatry  1949;62:734-744. 

25.  Morgan  JI,  Cohen  DR,  Hemstead  JL,  et  al.  Mapping  patterns  of  c-fos  expression  in  the 
central  nervous  system  after  seizure.  Science  1987;237:192-197. 

26.  Jonse  KJ,  Evinger  C.  Differential  neuronal  expression  of  c-fos  proto-oncogene  following 
peripheral  nerve  injury  or  chemically-induced  seizure.  J  Neurosci  Res  1991;28:291-298. 


46 


27.  Plantinga  LC,  Verhaagen  J,  Wong  SL,  et  al.  The  neurotrophic  peptide  Org  2766  does  not 
influence  the  expression  of  the  immediate  early  gene  c-fos  following  sciatic  nerve  crush 
in  the  rat.  Int  J  DevNeurosci  1994;  12:1 17-125. 

28.  Munglani  R,  Hunt  SP.  Molecular  biology  of  pain.  Br  J  Anaesth  1995;75:186-192. 

29.  Sandkuhler  J,  Treier  A-C,  Liu  X-G,  et  al.  The  massive  expression  of  c-fos  protein  in 
spinal  dorsal  horn  neurons  is  not  followed  by  long-term  changes  in  spinal  nociception. 
Neuroscience  1996;73:657-666. 

30.  Berkelaar  M,  Clarke  DB,  Wang  YC,  et  al.  Axotomy  results  in  delayed  death  and 
apoptosis  of  retinal  ganglion  cells  in  adult  rats.  JNeurosci  1994;14:4368-4374. 

3 1 .  Gehrmann  J.  Banati  RB.  Microglial  turnover  in  the  injured  CNS:  Activated  microglia 
undergo  delayed  DNA  fragmentation  following  peripheral  nerve  injury.  J  Neuropathol 
Exp  Neurol  1995;54:680-688. 

32.  Lo  AC,  Li  L,  Oppenheim  RW,  et  al.  Ciliary  neurotrophic  factor  promotes  the  survival  of 
spinal  sensory  neurons  following  axotomy  but  not  during  the  period  of  programmed  cell 
death.  Exp  Neurol  1995;134:49-55. 

33.  Searle  J,  Kerr  JFR,  Bishop  CJ.  Necrosis  and  apoptosis:  distinct  modes  of  cell  death  with 
fundamentally  different  significance.  Pathol  Annu  1982;17:229-259. 

34.  Evan  GI,  Wyllie  AH,  Gilbert  CS,  et  al.  Induction  of  apoptosis  in  fibroblasts  by  c-myc 
protein.  Cell  1992;69:119-128. 

35.  Preston  GA,  Lyon  TT,  Yin  Y,  et  al.  Induction  of  apoptosis  by  c-Fos  protein.  Mol  Cell 
Biol  1996;16:211-218. 

36.  Smith  MA,  Banerjee  S,  Gold  PW,  et  al.  Induction  of  c-fos  mRNA  in  rat  brain  by 
conditioned  and  unconditioned  stressors.  Brain  Res  1992;578:135-141. 

37.  Colotta  F,  Polentarutti  N,  Sironi  M,  et  al.  Expression  and  involvement  of  c-fos  and  c-jun 
proto-oncogenes  in  programmed  cell  death  induced  by  growth  factor  deprivation  in 
lymphoid  cell  lines.  J  Biol  Chem  1992;267:18278-18283. 

38.  Smeyne  RJ,  Vendrell  M,  Hayward  M,  et  al.  Continuous  c-fos  expression  precedes 
programmed  cell  death  in  vivo.  Nature  1993;363:166-169. 

39.  Gu  ZZ,  Pan  Y-C,  Cui  JK,  et  al.  Gene  expression  and  apoptosis  in  the  spinal  cord  neurons 
after  sciatic  nerve  injury  Neurochem  Int  1997;30:417-426. 


47 


40.  Emery  DG,  Lucas  JH,  Gross  GW.  The  sequence  of  ultrastructural  changes  in  cultured 
neurons  after  dendrite  transection.  Exp  Brain  Res  1987;67:41-51. 

41.  Lucas  JH,  Emery  DG,  Higgins  ML,  et  al.  Neuronal  survival  and  dynamics  of 
ultrastructural  damage  after  dendrotomy  in  low  calcium.  J  Neurotrauma  1990;7:169-192. 

42.  Lucas  JH.  In  vitro  models  of  mechanical  injury.  J  Neurotrauma  1992;9:1 17-120. 


48 


Figure  Legends 


Fig.  1.  Photomicrographs  from  C7  segment  illustrate  examples  of  FLI  neurons  from  rats  two  hours 
postoperatively.  A)  Dorsal  hom  of  a  rat  with  sham  operation.  FLI  neurons  appear  in  the  medial  half 
of  the  superficial  spinal  cord.  The  arrowheads  show  FLI  neurons.  B)  Dorsal  hom  of  a  rat  distal 
transection.  FLI  positive  neurons  mainly  appear  in  the  superficial  laminae.  The  arrowheads  show  FLI 
neurons.  C)  Dorsal  hom  of  a  rat  with  nerve  root  avulsion.  There  are  many  FLI  neurons  in  the 
superficial  laminae  near  the  lesion  sites.  Solid  arrowheads:  FLI  neurons;  open  arrowhead:  lesion 
sites.  D)  Ventral  hom  of  the  rat  with  root  avulsion  depicting  many  positive  motor  neurons  near  the 
lesion  sites.  Solid  arrow  heads:  FLI  neurons;  open  arrowhead:  lesion  sites.  Scale  bar  =  32  pm. 


Fig.  2.  Histograms  of  the  mean  numbers  of  Fos-like  immunoreactive  cells  in  response  to  sham 
operation,  distal  transection,  and  nerve  root  avulsion.  Solid  bars:  sham  operation  (n=4).  Open  bars: 
distal  transection  (n=8);  Vertically  striped  bars:  nerve  root  avulsion  (n=8);  Top:  30  min  after 
operation.  Middle:  60  min  after  operation.  Bottom:  120  min  after  operation.  Means  and  standard 
errors  are  shown.  CONT:  sham  control;  TRANS:  distal  transection;  AVULS:  nerve  root  avulsion. 

Fig.  3.  Camera  lucida  drawing  showing  the  FLI  in  the  spinal  cord  of  C5  to  C8.  The  filled  circles 
represent  FLI  cells.  The  left  side  of  the  drawing  represents  avulsive  injury  and  the  right  side 
represents  distal  nerve  transection.  Note  that  there  are  more  labeled  cells  in  the  superficial  dorsal 
hom  than  in  the  deeper  layers  of  the  spinal  gray  matter.  Moreover,  there  are  more  labeled  cells  in  the 
animals  with  avulsive  injury  (left  side)  than  in  those  with  distal  nerve  transection  (right  side). 
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Fig.  4.  Histograms  of  the  number  of  Fos-like  immunoreactive  cells  in  different  laminae  of  spinal 
cord.  Top:  number  of  FLI  neurons  (mean  ±  S.E.)  in  the  superficial  laminae  1  and  2  at  different  time 
intervals.  Middle:  number  of  FLI  neurons  (mean  ±  S.E.)  in  laminae  3  and  4  at  different  time 
intervals.  Bottom:  number  of  FLI  neurons  (mean  ±  S.E.)  in  laminae  5-10  at  different  time  intervals. 
CONT:  sham  control;  TRANS:  distal  transaction;  AVULS:  nerve  root  avulsion. 
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Figure  1 
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Numbers  of  FLI  Positive  Neurons 


IV.  A  QUANTITATIVE  MODEL  FOR  INDUCING  AVULSIVE  INJURIES 
OF  THE  BRACHIAL  PLEXUS  NERVE  IN  RATS 

INTRODUCTION 

Avulsion  injuries  occur  in  motor  vehicle  injuries  and  often  in  the  newborn  (1)  and  may  lead 
to  permanent  disabilities.  The  potential  for  loss  of  both  sensory  and  motor  function,  with  little  or  no 
recovery,  makes  this  an  important  focus  of  development  of  new  therapeutic  approaches.  This  injury, 
which  involves  both  the  peripheral  and  central  nervous  systems,  is  somewhat  unique.  Experimental 
approaches  have  suffered  from  the  lack  of  a  quantitative  model  that  does  not  require  a  surgical 
procedure.  The  method  developed  here  has  advantages  in  that  the  injury  is  caused  by  limb 
acceleration  as  occurs  in  human  patients. 

Currently,  there  are  several  procedures  for  inducing  motor  root  avulsions.  Intervertebrally, 
the  use  of  a  microhemostat  forceps  may  be  employed  to  apply  pressure  directly  to  the  surgically 
exposed  nerve  (2-4).  Avulsion  may  also  be  induced  extravertebrally  by  separating  the  peripheral 
nerve  in  question  from  all  the  surrounding  adipose  and  connective  tissue,  and  applying  a  “steady, 
moderate  traction”  away  from  the  intervertebral  foramina  with  the  animal  secured.  While  these 
methods  do  indeed  result  in  ventral  root  avulsion,  two  problems  arise.  First,  the  applied  force  does 
not  accurately  simulate  an  impact  force,  which  is  how  many  of  these  injuries  occur.  Rather  than  the 
sharp  staccato  of  an  impact,  the  nerves  are  avulsed  with  a  gradually  increasing  force.  This  could 
decrease  the  future  usefulness  of  any  knowledge  gained  from  these  studies.  Second,  the  methods 
have  too  much  of  a  qualitative  character,  which  is  a  problem  for  collating  and/or  comparing  the 
results  of  collaborative  efforts  in  this  area.  Similar  studies  could  potentially  give  completely  different 
results  based  on  such  difficult-to-quantify  factors  as  the  rate  of  force  application  or  the  amount  of 
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pressure  in  a  nerve  and  its  rate  of  change. 

We  created  an  apparatus  that  could  affect  ventral  root  avulsions  in  the  limbs  of  rats  with  the 
idea  of  overcoming  these  shortcomings.  This  apparatus  is  easily  reproducible  by  other  researchers 
and  provides  a  definite,  quantifiable  relationship  between  impact  energy  and  avulsion. 

MATERIALS  AND  METHODS 

The  avulsion  apparatus  was  constructed  to  accommodate  300-gram  male  Sprague-Dawley 
rats.  The  device  consists  of  a  plastic  tube  with  an  inner  diameter  of  5.5  cm,  a  thickness  of  0.5  cm, 
and  length  of  24.7  cm.  The  tube  has  a  slightly  elliptical  hole  on  the  bottom  that  is  approximately  4 
cm  in  diameter  and  4  cm  off  center.  Two  rectangular  plastic  stands  at  4  cm  hold  the  tube  17.5  cm 
above  the  benchtop. 

To  use  this  apparatus,  rats  were  anesthetized  using  sodium  pentobarbital  and  then  pushed 
through  the  tube  until  the  hole  was  lined  up  with  the  forelimb.  Then,  the  forelimb  was  manually 
worked  through  the  hole  so  that  the  entire  forelimb,  except  the  shoulder,  was  outside  of  the  tube.  The 
forelimb  was  then  positioned  just  above  a  rectangular  aluminum  rod  of  35  cm  length  attached  to  one 
of  the  plastic  stands  via  a  hinge.  A  circular  aluminum  stick  35  cm  in  length  with  hash  marks  at  every 
centimeter  was  soldered  onto  the  other  end  of  the  rod,  32  cm  away.  The  rod  acted  as  the  lever 
through  which  energy  was  transferred  from  the  point  of  actual  impact  to  the  forelimb  of  the  rat.  The 
end  attached  to  the  plastic  stand  acted  as  the  fulcrum  and  the  opposite  end  with  the  measuring  stick 
was  where  the  impact  occurred. 

After  the  rat  was  secured  in  the  tube,  the  forelimb  was  tied  right  above  the  elbow  to  a  hole 
in  the  aluminum  rod  8  cm  away  from  the  hinge  using  suture  material,  where  it  received  the  impact 
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force  at  a  theoretical  factor  of  four.  Finally,  doughnut-shaped  iron  weights  of  known  mass  were 
combined  and  dropped  down  the  circular  measuring  stick  from  a  height  of  30  cm.  The  experiment 
was  run  four  times,  using  masses  of  250,  350,  450,  and  550  g. 

Following  a  period  of  two  hours,  the  rats  were  observed  for  signs  of  paralysis,  then  perfused 
with  formaldehyde.  A  laminectomy  was  performed  and  nerves  C5-T1  were  inspected  for  sign  of 
avulsion.  Samples  of  the  ventral  roots  were  taken  for  further  analysis. 

RESULTS 

The  rats  subjected  to  the  250  g  and  350  g  weights  were  not  paralyzed  and  showed  no  signs 
of  brachial  plexus  avulsion.  The  rat  that  was  injured  with  the  350  g  weight  was  unable  to  move  the 
affected  arm  and  upon  laminectomy,  complete  avulsion  of  nerves  C6  and  C7  was  observed  along 
with  extensive  hemorrhaging  near  the  spinal  cord.  The  rat  subjected  to  the  450  g  weight  showed 
similar  hemorrhaging  and  avulsion  of  nerves  C5,  C6,  and  C7. 

DISCUSSION 

With  the  use  of  sufficiently  heavy  weights,  the  apparatus  was  able  to  induce  avulsive  injuries 
in  laboratory  rats.  The  energy  was  delivered  to  the  forelimb  of  the  rat  indirectly  and  very  suddenly, 
possibly  similar  to  the  manner  in  which  avulsion  occurs  in  automobile  accidents. 

The  conditions  causing  avulsion  can  be  quantified  in  the  form  of  potential  energy  (mass  times 
gravity  times  height).  In  the  case  of  the  450  g  weight,  1.323  Joules  of  energy  were  theoretically 
delivered  to  the  limb.  The  actual  value  is  probably  smaller  because  of  inefficiencies  introduced  by 
the  machine.  Losses  due  to  friction  may  occur  at  the  hinge  of  the  aluminum  rod  or  where  the  weights 
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slide  down  the  measuring  stick.  We  attempted  to  minimize  these  losses  by  making  sure  the  joint  felt 
loose  and  the  lever  could  be  lowered  and  raised  with  minimal  resistance.  Also,  care  was  taken  to 
ensure  that  the  weights  did  not  fit  tightly  around  the  measuring  stick.  The  suture  material  is  another 
possible  inefficiency  in  this  mechanism,  since  it  probably  undergoes  mechanical  strain  and  absorbs 
some  of  the  energy  in  the  process. 

Energy  transferred  to  the  actual  nerves  is  a  fraction  of  the  total  energy  delivered  to  the  arm; 
muscle,  bone,  and  connective  tissue  absorb  most  of  the  energy.  Whether  or  not  avulsion  occurs  can 
depend  to  a  certain  degree  on  the  muscular  strength  and  bone  mass  of  the  rat.  Heavier  weights  ensure 
that  enough  energy  will  be  transferred  to  the  nerves  to  obtain  the  desired  result.  Right  now  it  is 
unknown  whether  the  nerves  absorb  the  brunt  of  the  energy  first,  with  other  factors  coming  into  play 
later.  More  direct  measurements  of  stress  (i.e.,  on  the  nerve  itself)  are  necessary. 

This  model  for  inducing  avulsion  is  not  only  more  realistic  than  others  but  also  easy  to 
reproduce.  The  apparatus  used  here  can  be  constructed  in  about  two  days’  time  by  a  reasonably 
skilled  technician. 
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V.  CENTRAL  MECHANISMS  IN  CHRONIC  PAIN 


INTRODUCTION 

Support  for  a  project  entitled,  "Central  Mechanisms  in  Chronic  Pain,"  was  approved 
originally  for  funding  under  the  US  Army  Medical  Research  and  Development  Command 
Cooperative  Agreement  to  complement  studies  currently  underway  on  Chapter  5,  "Repair  and 
Regeneration  of  Peripheral  Nerve  Damage,"  Co-PIs:  R.  Beuerman,  D.  Kline  and  A.  Sumner.  The 
project  proposed  to  study  the  central  nervous  system  mechanisms  that  are  related  to  peripheral  nerve 
injury  and  underlie  the  conversion  from  states  of  acute  pain  to  states  of  chronic  debilitating  pain. 

SUMMARY 

Central  Mechanisms  Study  (Y ear  1) 

The  specific  aims  of  the  study  were  1)  to  demonstrate  that  interhemispheric  connections  are 
necessary  for  establishing  a  state  of  chronic  pain,  2)  to  demonstrate  that  interhemispheric 
connections  are  necessary  for  maintaining  a  state  of  chronic  pain,  and  3)  to  identify  the  anatomical 
sites  and  potential  mechanisms  that  underlie  the  conversion  from  a  state  of  acute  pain  to  a  state  of 
chronic  neuropathic  pain. 

For  this,  albino  rats  were  subjected  to  surgical  transection  of  the  corpus  callosum  prior  to  the 
initiation  of  a  deafferentation  stimulus,  dorsal  rhizotomy.  The  rats  were  then  observed  for 
preservation  of  normal  behavior  or  for  the  onset  of  autotomy,  a  constellation  of  behavioral  changes 
including  self  mutilation  believed  to  be  associated  with  chronic  pain. 

Based  upon  the  proposed  hypothesis,  we  predicted  that  the  rats  undergoing  callosotomy 


60 


would  not  develop  autotomous  behavior.  This  result  would  establish  the  corpus  callosum  as  an 
essential  component  in  a  neuronal  circuit  that  is  critical  for  the  augmentation  and  maintenance  of 
nociceptive  signals  at  the  level  of  perception,  the  thalamus.  Sustained  neuronal  activity  then  would 
be  predicted  to  provide  the  basis  for  neuronal  changes  responsible  for  internally  generated  pain. 

In  fact,  as  described  in  last  year’s  progress  report,  animals  undergoing  callosotomy  prior  to 
dorsal  rhizotomy  did  develop  autotomous  behavior.  Unlike  animals  in  which  the  corpus  callosum 
had  not  been  sectioned,  which  began  self  mutilation  between  24  hours  and  6  weeks  post-rhizotomy, 
animals  with  a  transected  corpus  callosum  never  self  mutilated  before  90  days  post-rhizotomy. 
Although  this  result  was  suggestive  that  the  corpus  callosum  does  play  a  role  in  the  generation  of 
central  pain,  the  fact  that,  unexpectedly,  not  all  rats  that  underwent  dorsal  rhizotomy  without  prior 
callosal  sectioning  developed  autotomy  indicated  that  this  observation  would  require  statistical 
verification.  The  number  of  animals  and  the  funding  available  that  would  have  been  necessary  to 
continue  with  the  planned  experiments  was  insufficient  to  proceed.  The  direction  of  the  subsequent 
studies  was  therefore  modified  during  the  second  year  of  the  study. 

Peripheral  Mechanisms  Study  (Year  2) 

The  treatment  of  pain  related  to  nerve  injury  was  studied  during  the  second  year  of  support 
in  the  hope  of  elucidating  mechanisms  that  produce  pain  following  nerve  injury.  We  chose  to  study 
the  role  of  a  new  medication,  gabapentin,  in  pain  induced  by  inflammation,  because  of  its  clinically 
demonstrated  efficacy  in  the  treatment  of  neuropathic  pain,  its  favorable  side  effect  profile,  and  its 
anecdotal  efficacy  in  clinically  reducing  pain  in  conditions  that  were  not  clearly  of  neuropathic 
origin.  It  was  predicted  that  by  comparing  the  response  to  treatment  of  inflammatory  pain  with  that 
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induced  by  nerve  injury,  we  could  shed  additional  light  on  mechanisms  responsible  for  pain  related 
to  nerve  injury.  Since  pain  associated  with  nerve  injury  has  been  correlated  to  the  quantity  of 
membrane-associated  sodium  channels  during  this  study,  we  chose,  in  addition,  to  study  alterations 
in  concentrations  of  sodium  channels  within  dorsal  root  ganglia  and  peripheral  nerves  of  albino  rats 
following  subcutaneous  injections  of  complete  Freund’s  adjuvant  (CFA). 

GABAPENTIN  STUDY 

In  the  initial  study,  the  effect  of  gabapentin  on  pain  induced  by  inflammation  was  studied  in 
albino  rats  using  paw  withdrawal  latencies,  tail-flick,  and  hotplate  techniques.  Following  baseline 
threshold  determinations,  a  subcutaneous  injection  of  CFA  was  administered  into  one  volar  forepaw. 
Withdrawal  latencies  were  determined  following  subcutaneous  administration  of  gabapentin, 
carbamazepine,  ibuprofen,  morphine,  or  saline. 

Methods  and  Materials 

Pain  responses  were  measured  in  albino  Sprague-Dawley  rats.  The  latency  to  paw 
withdrawal,  to  tail-flick,'  and  to  hotplate  aversion  were  the  determinants  of  pain  threshold.  Rats 
weighing  between  250-350  g  were  housed  two  animals  to  a  cage.  For  testing  the  rats  were  placed  in 
Plexiglas  chambers  on  a  glass  plate  and  were  allowed  to  acclimate  to  their  surroundings  for  a 
minimum  of  5  minutes.  The  animals  were  allowed  free  range  of  activity  within  the  chamber.  The 
glabrous  surface  of  each  of  the  paws  was  stimulated  in  succession  through  the  glass  plate  using  a 
halogen  heat  source.  The  latency  of  paw  withdrawal  from  the  onset  of  stimulation  was  measured 
automatically  using  an  IITC  analgesiometer  (IITC  Life  Science,  Inc.,  Woodland  Hills,  CA).  The 
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stimulus  was  automatically  discontinued  after  10.7  seconds  to  avoid  tissue  damage.  Each  paw  was 
stimulated  4  times  during  each  testing  session.  Baseline  pain  thresholds  were  determined  in  3 
separate  testing  sessions  on  3  separate  days.  Tail-flick  latency  was  measured  in  a  group  of  12  rats. 
Morphine  sulfate  (10  mg/kg),  ibuprofen  (40  mg/kg)  or  gabapentin  (40  mg/kg)  was  administered 
subcutaneously  to  each  rat.  The  order  of  drug  administration  was  randomized  with  at  least  4  days 
between  drugs.  Baseline  latency  was  measured  immediately  before  and  at  15,  30,  60,  90,  and  120 
minutes  after  administration  of  drug.  For  the  tail-flick  test,  the  stimulus  was  discontinued  after  12 
seconds  to  avoid  tissue  damage.  The  same  12  rats  were  tested  for  hotplate  analgesia  immediately 
before  and  45  minutes  after  drug  administration.  The  rats  were  placed  on  the  hotplate  surface  that 
was  set  at  52  °C.  The  rats  were  removed  from  the  hotplate  surface  when  they  licked  a  hindpaw, 
jumped,  or  if  they  did  not  respond  after  30  seconds.  The  time  from  stimulus  onset  to  removal  from 
the  hotplate  was  recorded. 

Following  baseline  threshold  determinations  for  paw  withdrawal  latency,  the  rats  were 
anesthetized  with  a  combination  of  ketamine  (60  mg/kg)  and  xylazine  (8  mg/kg).  One  forepaw  of 
each  rat  received  a  subcutaneous  injection  of  0.25  ml  of  complete  Freund’s  adjuvant  (CFA; 
Mycobacterium  tuberculosis'.  Sigma)  suspended  in  an  oiksaline  (1:1)  emulsion  (0.5  mg 
Mycobacterium/ml  emulsion)  using  a  sterile  tuberculin  syringe.  The  rats  were  then  weighed  and 
allowed  to  recover  from  anesthesia.  Pain  thresholds  were  measured  on  5  separate  days  during  the 
week  following  CFA  injection.  Either  gabapentin  (20-160  mg/kg)  or  normal  saline  was  administered 
by  subcutaneous  injection  1  hour  prior  to  each  testing  session.  Ibuprofen  (100  mg/kg)  was  given  as 
a  positive  treatment  control.  Carbamazepine  (40  mg/kg)  was  used  as  a  negative  treatment  control. 

To  confirm  that  the  route  of  administration  and  drug  absorption  was  adequate  to  produce  a 
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response,  2  groups  of  1 1  rats  were  subjected  to  subcutaneous  injections  of  5%  formalin  in  isotonic 
saline  into  the  plantar  surface  of  one  hindpaw  30  minutes  after  receiving  a  subcutaneous  injection 
of  either  gabapentin  (160  mg/kg)  or  normal  saline.  Time  spent  in  licking,  lifting,  and  biting  the 
injected  paw  was  monitored  for  90  minutes  following  the  formalin  injection  and  recorded  at  5  minute 
intervals. 

Results  and  Conclusions 

In  contrast  to  gabapentin’ s  previously  described  efficacy  in  altering  pain  thresholds  in  the 
chronic  constriction  injury  and  formalin  injection  models  of  neuropathic  pain  and  its  anti-allodynic 
effect  following  nerve  root  ligation,  we  demonstrated  no  effect  on  paw  withdrawal  latencies 
associated  with  CFA-induced  inflammation  or  on  baseline  hotplate  or  tail-flick  response. 

We  concluded  that  gabapentin  has  no  effect  on  pain  initiated  by  CFA-induced  inflammation. 
We  proposed  that  gabapentin's  effect  in  the  treatment  of  neuropathic  pain  may  be  mediated  through 
modulation  of  peripheral  mechanisms  related  to  the  altered  function  of  ion  channels  in  damaged 
neurons.  Such  a  mechanism  suggests  that  improved  nociceptive  pain  in  clinical  reports  may  have  an 
underlying  neuropathic  component  that  is  reduced  by  gabapentin.  The  results  of  this  study  were 
presented  at  the  annual  meeting  of  the  American  Federation  of  Medical  Research  in  New  Orleans 
and  a  paper  is  currently  in  press  in  Analgesia. 

SODIUM  CHANNEL  STUDIES 
Complete  Freund’s  Adjuvant  Study 

To  study  the  hypothesis  generated  in  the  gabapentin  experiments,  we  chose  to  study 
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alterations  in  concentrations  of  sodium  channels  within  dorsal  root  ganglia  and  peripheral  nerves  of 
albino  rats  following  subcutaneous  injections  of  CFA  and  chronic  constriction  injury  (CCI)  in  order 
to  establish  a  relationship  between  sodium  channel  concentration  and  hypersensitivity  induced  by 
inflammation  and  by  nerve  injury.  The  results  from  experiments  in  which  hypersensitivity  was 
induced  by  CFA  injection  show  that  the  production  of  sodium  channels  is  dramatically  increased  in 
dorsal  root  ganglia  within  24  hours  of  paw  injection. 

Methods  and  Materials 

Pairs  of  rats  were  anesthetized  with  a  combination  of  ketamine  (60  mg/kg)  and  xylazine  (8 
mg/kg).  One  hindpaw  of  each  rat  received  a  subcutaneous  injection  of  0.5  ml  of  complete  Freund’s 
adjuvant  (CFA;  Mycobacterium  tuberculosis',  Sigma)  suspended  in  an  oiksaline  (1:1)  emulsion  (0.5 
mg  Mycobacterium! ml  emulsion)  using  a  sterile  tuberculin  syringe.  The  hindlimb  contralateral  to 
the  injected  paw  provided  an  internal  control.  Rats  were  allowed  to  survive  in  pairs  for  4,  24,  48, 
and  72  hours,  1  and  2  weeks,  and  1,  2,  and  6  months  after  CFA  injection.  An  additional  pair  of  rats 
received  a  0.5-ml  subcutaneous  injection  of  normal  saline  or  incomplete  Freund’s  adjuvant  as  a 
treatment  control.  Prior  to  sacrifice,  pain  thresholds  were  measured  by  determining  the  latency  to 
paw  withdrawal  from  a  thermal  stimulus  and  were  compared  to  control  values  that  had  been 
determined  in  an  earlier  study.  The  rats  were  then  given  a  lethal  dose  of  pentobarbital  sodium  (200 
mg)  and  perfused  transcardially  with  0.9%  saline  followed  by  4%  paraformaldehyde  in  0.1  M 
phosphate  buffer,  pH  7.6.  The  tissue  was  allowed  to  fix  for  1  hour.  The  dorsal  root  ganglia  and 
portions  of  the  sciatic  and  medial  plantar  nerves  were  then  dissected  bilaterally  from  each  animal. 
The  nerve  fibers  and  dorsal  root  ganglia  were  teased  apart  and  fixed  on  poly-L-lysine  coated  slides 
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with  4%  paraformaldehyde/0.1  M  phosphate  buffered  saline  (PBS)  for  15  minutes.  After  rinsing  in 
0.1  M  PBS,  the  slides  were  immersed  in  0.1  M  PBS/0.3%  Triton  X-100  (Sigma)/10%  normal  goat 
serum  for  a  minimum  of  1  hour.  The  tissue  was  then  incubated  overnight  at  room  temperature  with 
a  site-specific,  anti-sodium  channel  antibody  (E03)  (dilution  1:100)  (1).  For  controls,  the  anti¬ 
sodium  channel  antibody  was  preblocked  with  the  peptide  antigen  (1  pi  of  peptide  per  2  pi  of 
antibody).  After  rinsing  in  0.1  M  PBS,  the  tissue  was  incubated  for  at  least  1  hour  at  room 
temperature  with  lissamine  rhodamine-labeled  goat  antirabbit  immunoglobulin  G.  The  slides  were 
then  rinsed  in  0.1  M  PBS,  dried,  coverslipped,  and  viewed  with  an  Olympus  BH2  epifluorescence 
microscope. 

Results 

Behaviorally,  paw  withdrawal  latencies  begin  to  decrease  within  4  hours  following  CFA 
injection.  Minimum  latencies  are  seen  at  24  hours  post-injection  and  then  within  14  days  return  to 
baseline  levels.  When  survival  times  are  extended  beyond  14  days,  paw  withdrawal  latencies 
continue  at  or  marginally  above  baseline  levels.  Data  from  6  month  survival  post-injection  are 
pending  but  are  not  predicted  to  be  different  from  baseline  latencies. 

Immunocytochemistry  reveals  sodium  channels  in  high  density  at  nodes  of  Ranvier  in  all 
samples  of  peripheral  nerve.  As  described  previously,  sodium  channel-specific  labeling  was  seen  at 
low  levels  within  control  dorsal  root  ganglia.  On  the  injected  side,  however,  an  increase  in  sodium 
channel  labeling  is  seen  in  dorsal  root  ganglia  as  early  as  24  hours  following  CFA  injection.  Within 
48  hours,  during  the  early  functional  recovery,  virtually  all  neurons  of  the  dorsal  root  ganglia 
segmentally  associated  with  the  injected  paw  are  intensely  labeled.  Except  for  the  nuclear  region, 
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the  neuronal  cytoplasm  labels  uniformly.  At  72  hours  post-injection,  labeling  remains  intense  but 
there  is  a  suggestion  of  heterogeneity  within  the  ganglia  such  that  the  larger  cellular  profiles  appear 
less  intensely  labeled  when  compared  to  smaller  profiles.  The  distribution  of  labeling  within 
individual  neurons  remains  constant.  At  1  week  post-injection,  the  paw  withdrawal  latencies  have 
almost  returned  to  baseline  levels  and  the  heterogeneity  of  ganglion  labeling  is  clear.  The  labeling 
appears  to  be  more  intense  in  the  smaller  profiles.  This  pattern  persists  through  the  1  month  survival 
but  labeling  begins  to  diminish  by  2  months  post-injection.  At  6  months  after  the  CFA  injection, 
sodium  channel  labeling  has  almost  returned  to  control  levels.  Sodium  channel  labeling  following 
injections  of  either  saline  or  incomplete  Freund’s  adjuvant  as  treatment  controls  is  indistinguishable 
from  that  seen  in  untreated  controls. 

Conclusions 

We  concluded  that  sodium  channel  production  is  significantly  increased  in  dorsal  root  ganglia 
following  the  injection  of  CFA.  This  increase  is  not  reflected  in  concomitant  increases  in  sodium 
channel  labeling  in  either  contralateral  dorsal  root  ganglia  or  in  peripheral  nerve.  The  time  of  onset 
of  the  reduction  of  the  paw  withdrawal  latency  and  sodium  channel  augmentation  strongly  indicates 
that  sodium  channels  play  a  role  in  the  acute  maintenance  of  neuronal  hypersensitivity  during 
inflammation.  The  mechanism  by  which  sodium  channel  augmentation  occurs  is  not  known.  It  is 
possible  that  the  pain  initiated  by  the  original  injection  and  the  reduction  of  receptor  thresholds 
results  in  repetitive  neuronal  firing  and  the  stimulation  of  genes  that  are  responsible  for  sodium 
channel  production  (2).  Although  repetitive  neuronal  firing  and  the  opening  of  metabatropic 
glutamate  receptors  has  been  proposed  as  a  mechanism  for  turning  on  gene  expression  and  neuronal 
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plasticity  in  the  spinal  cord  (3,4),  glutaminergic  synapses  have  not  been  identified  in  dorsal  root 
ganglia.  Thus,  the  signal  for  sodium  channel  augmentation  in  dorsal  root  ganglia  may  come  from 
repetitive  membrane  depolarizations  resulting  from  peripheral  receptor  generation  of  action 
potentials  or  through  the  stimulation  of  extracellular  mediators,  including  nerve  growth  factor,  that 
are  released  during  the  inflammatory  response  (2,5-8)  and  are  transported  to  the  neuronal  perikaryon. 
The  augmentation  of  sodium  channels  in  dorsal  root  ganglia  could  then  play  a  role  in  maintaining 
the  inflammatory  hyperpathic  response  (9)  necessary  for  monitoring  wound  healing.  The  apparent 
prolonged  augmentation  of  sodium  channels  in  the  smaller  neurons  would  be  consistent  with  the 
maintenance  of  C-fiber  activity  thought  to  subserve  pain  vigilance.  That  the  reduction  of  sodium 
channel  production  follows  the  return  to  normal  thresholds  for  paw  withdrawal  suggests  that  the 
sodium  channels  are  maintained  by  the  mediators  of  the  inflammatory  response. 

Of  particular  interest  is  that  sodium  channel  augmentation  is  dramatic  and  consistently  occurs 
within  24  hours  of  the  introduction  of  the  inflammatory  agent.  However,  unlike  pain  of  neuropathic 
origin,  traditional  blockers  of  voltage-dependent  sodium  channels  typically  are  clinically  ineffective 
in  treating  pain  induced  by  inflammation  (10).  One  possibility  is  that  the  sodium  channels  augmented 
during  inflammation  are  of  different  subtypes  than  those  produced  in  response  to  nerve  injury. 
Indeed,  since  the  EOS  antibody  identifies  a  conserved  segment  of  all  sodium  channels,  sodium 
channels  of  all  subtypes  are  labeled  with  this  antibody.  Since  each  sodium  channel  subtype  may 
respond  differently  to  different  therapeutic  interventions  (11),  further  identification  of  channel 
subtypes  must  be  made.  Alternatively,  sodium  channel  subtypes  may  be  produced  in  different 
proportions  in  response  to  a  given  stimulus  resulting  in  different  activation  parameters  (12,13). 
Different  ratios  of  ion  channel  populations  could  provide  the  basis  for  the  prolonged  periods  of 
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ectopic  firing  seen  following  nerve  injury  compared  to  the  transient  augmentation  of  hypersensitivity 
seen  in  inflammation.  Third,  in  contrast  to  sodium  channels  that  are  produced  in  response  to  nerve 
injury,  which  must  be  functional  and  rapidly  integrated  into  growing  neuronal  processes  for  the 
restoration  of  generator  and  encoding  zones  of  sensory  nerve  terminals  (12),  all  of  the  sodium 
channels  labeled  in  response  to  an  inflammatory  stimulus  may  not  be  integrated  within  neuronal 
membranes  or  may  only  be  precursors  to  functional,  subtype-specific  sodium  channels  that  are 
formed  in  anticipation  of  potential  neuronal  damage  and  used  transiently  to  enhance  the  efficacy  of 
neuronal  transmission.  The  uniform  cytoplasmic  distribution  of  labeling  potentially  supports  this 
suggestion.  In  addition,  the  distribution  of  sodium  channels  is  likely  to  be  important  in  determining 
their  accessibility  to  therapeutic  chemical  blockade  and  thus  may  partially  explain  the  difference  in 
clinical  response.  Hypersensitivity  seen  in  acute  inflammation,  however,  suggests  that  at  least  some 
of  the  sodium  channels  are  functional  and  serve  to  enhance  the  efficacy  of  neuronal  transmission 
(2,14)  through  the  dorsal  root  ganglion  to  the  spinal  cord.  Although  less  likely,  sodium  channel 
augmentation  during  inflammation  may  serve  as  a  mechanism  for  endogenous  pain  suppression  by 
inserting  voltage-dependent  sodium  channels  into  the  perikaryal  membranes  of  dorsal  root  ganglion 
cells  to  enhance  membrane  permeability  and  serve  as  a  current  sink  to  decrease  the  centrally 
projected  signal.  In  either  case,  the  results  of  this  study  thus  provide  a  basis  for  exploring  novel 
therapeutic  alternatives  for  the  treatment  of  pain  through  modulation  of  sodium  channel  activity. 

The  results  of  this  study  will  presented  at  the  annual  meeting  of  the  American  Pain  Society 
in  New  Orleans  and  is  currently  being  prepared  for  submission  to  Nature. 
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CONTINUING  STUDIES 


Chronic  Constriction  Injury 

Chronic  constriction  injury  has  been  studied  in  only  2  rats  to  date.  The  results  indicate  that 
at  2  weeks  post-injury  there  is  a  significant  increase  in  the  density  of  sodium  channels  at  the  site  of 
the  ligation  but  not  within  the  dorsal  root  ganglia  nor  in  control  sections  of  peripheral  nerve.  These 
preliminary  results  support  the  prediction  that  there  are  important  mechanistic  differences  in  the 
production  of  hypersensitivity  induced  by  inflammation  and  nerve  injury.  In  addition,  these 
mechanisms  are  related  in  some  way  to  the  regulation  of  the  production  and  distribution  of  sodium 
channels  within  hyperactive  neurons.  These  differences  are  likely  to  provide  the  basis  for  distinctions 
recognized  in  clinical  treatment  and  in  the  production  of  chronic  pain  states  seen  following  nerve 
injury.  Recognition  and  delineation  of  the  signals  mediating  the  different  responses  will  be  important 
issues  for  investigation  in  future  studies  to  provided  possibilities  for  preemptive  treatment  of  pain 
following  nerve  injury  and  for  new  and  more  effective  options  in  the  treatment  of  pain  associated 
with  inflammation. 
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Sodium  channel  Article  abstract— Painful  neuromas  from  16  patients  were  examined  using 

accumulation  in  ^tSpe,Clfic  antlsodium  channel  antibodies  employed  in  immunocytochemical 

humane  with  nafnAil  and  radioimmunoassay  methods.  Normal  sural  nerves  from  six  of  these  pa- 

numans  With  painful  tients  served  as  controls.  Immunocytochemistry  showed  abnormal  segmental 

neuromas  accumulation  of  sodium  channels  within  many  axons  in  the  neuromas.  Dense 
immunolocahzation  was  especially  apparent  within  the  axonal  tips.  Radioim¬ 
munoassay  confirmed  a  significantly  greater  density  of  sodium  channels  in 
the  neuromas  as  compared  with  the  sural  nerves.  Thus,  sodium  channels 
accumulate  abnormally  within  the  axons  of  neuromas  in  humans.  This  alter- 
atrnn  of  the  sodium  channels  may  underlie  the  generation  of  axonal  hyperex- 
citability  and  the  resulting  abnormal  sensory  phenomena  (pain  and  paresthe¬ 
sias),  which  frequently  occur  after  peripheral  nerve  injury. 

NEUROLOGY  1996:47:272-276 
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Peripheral  nerve  trauma  may  result  in  the  formation 
of  a  neuroma,  a  tangled  mass  of  regenerating  axons 
embedded  within  the  connective  tissue  of  a  nerve 
trunk.  The  axons  within  a  neuroma  not  only  fail  to 
reinnervate  their  original  targets,  but  may  also  de¬ 
velop  abnormal  electrical  hyperexcitability. 12 

In  human  neuromas,  the  development  of  ectopic 
hyperexcitability  within  sensory  axons  is  likely  to  be 
a  major  cause  of  neuroma-associated  pain  and  dyses¬ 
thesias.  Clinical  evaluation  of  patients  with  painful 
neuromas  and  routine  histologic  analysis  of  excised 
neuromas  have  not  identified  the  factors  responsible 
for  this  pain.  Because  the  ability  of  an  axon  to  gener¬ 
ate  an  action  potential  depends  ultimately  on  the 
distribution  and  properties  of  voltage-gated  ion  chan¬ 
nels,  especially  voltage-gated  sodium  channels,  a  po¬ 
tential  cause  of  ectopic  axonal  hyperexcitability 
could  be  an  abnormal  redistribution  of  ion  channels 
within  injured  axons.  A  particularly  attractive  hy- 
p.®t“®sis  13  aberrant  axonal  electrical  hyperex- 
ci  ability  is,  in  part,  caused  by  an  abnormal  accumu¬ 
lation  of  sodium  channels  along  injured  or 
regenerating  axons.2  5 

This  report  describes  the  changes  in  the  sodium 
channels  which  characterize  painful  neuromas  in  hu¬ 
mans.  These  findings  are  correlated  with  what  is 
currently  known  about  the  remodeling  of  axonal 
membranes  within  neuromas. 
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Methods.  Patients.  The  study  group  consisted  of  16  pa¬ 
tients  with  painful  traumatic  neuromas  selected  from  a 
large  population  of  patients  with  peripheral  nerve  injuries 
seen  at  the  Louisiana  State  University  School  of  Medicine, 
New  Orleans.  Each  patient  was  evaluated  clinically  and 
electrophysiologically  (EMG/nerve  conduction  study)  by  a 
team  of  neurologists  and  neurosurgeons.  The  pain  of  each 
patients  nerve  injury  was  graded  subjectively  on  a  scale 
from  1+  to  4+  (table).  For  each  of  the  16  patients  in  this 
study,  surgical  treatment  of  the  neuroma  was  believed  to 
offer  the  best  chance  for  pain  relief  or  nerve  regeneration. 
Thus,  each  patient  underwent  surgical  excision  of  the  neu¬ 
roma.  In  some  cases,  sural  nerve  autografts  were  inter¬ 
posed  within  the  resected  nerve  segment. 

Preparation  of  antisodium  channel  antibody.  A  site- 
directed  antibody  was  raised  to  a  highly  conserved  region 
found  in  all  known  vertebrate  sodium  channels,  including 
those  of  human  neuronal  tissues.  This  segment  (TE- 
E  QKKYYN AMKKLGSKK)  resides  in  a  putative  intracellu¬ 
lar  loop  connecting  domains  III  and  IV  in  the  alpha  sub¬ 
unit  of  the  sodium  channel.  The  synthetic  peptide  coding 
for  this  segment  was  conjugated  to  a  keyhole-limpet  hemo- 
cyanin  carrier  and  used  to  immunize  rabbits  through  reg¬ 
ular  injections.  The  resultant  high- titer  antisera  were  pro¬ 
cessed  using  an  immunoaffinity  column  to  which  the 
immunizing  peptide  had  been  immobilized,  yielding  a 
highly  pure  and  concentrated  preparation  of  antisodium 
channel  antibodies.  The  specificity  of  the  antibody  prepa¬ 
ration  was  demonstrated  by  the  quantitative  elimination 


Table  Sodium  channel  density  and  painfulness  of  neuromas 


Patient 

Specimen 

NaCh*, 

Pain 

1 

C5  neuroma 

23.5 

+ 

2 

Normal  nerve 

23.7 

- 

3 

Middle  trunk  neuroma 

25.8 

+ 

4 

C5-upper  trunk  neuroma 

26.3 

4- 

5 

Femoral  neuroma  and 

28.6 

+ 

normal  nerve 

9.6 

6 

Upper  trunk  neuroma 

30.1 

+ 

7 

Axillary  neuroma  and 

30.6 

+ 

normal  nerve 

12.6 

- 

8 

C6  neuroma 

31.0 

+ 

9 

C5  neuroma 

31.0 

+  + 

10 

C7  neuroma 

31.2 

+ 

11 

Superficial  radial  neuroma 

32.7 

+  4- 

12 

Brachial  plexus  neuroma 

32.9 

+  +  + 

13 

Medial  cord  neuroma  and 

48.3 

+  + 

normal  nerve 

20.4 

- 

14 

Sural  neuroma 

48.3 

+  +  + 

15 

Sciatic  neuroma 
(distal  segment) 

67.2 

+  +  +  + 

Sciatic  neuroma 
(proximal  segment) 

25.4 

+  4-  +  + 

and  normal  nerve 

16.2 

- 

16 

Sciatic  neuroma  and 

74.2 

+ 

normal  nerve 

20.1 

- 

*  Sodium  channel  density  in  picomol  per  gram  of  wet  weight. 


-  -  no  pain;  +  =  mild  pain;  +  +  «  moderate  pain;  +  +  +  —  se¬ 
vere  pain;  +  +  +  +  -  very  severe  pain. 


of  antibody  binding  by  preincubation  with  either  pure  so¬ 
dium  channel  or  synthetic  peptide  in  a  sensitive  radioim¬ 
munoassay  (RIA)6  and  in  immunocytochemical  prepara¬ 
tions  (figure  Id). 

Immunocytochemistry.  Immunocytochemical  methods 
were  performed  in  accordance  with  described  procedures.5,6 
After  reaction  with  tissue,  the  antisodium  channel  anti¬ 
body  was  visualized  with  lissamine  rhodamine-labeled 
goat  antirabbit  immunoglobulin  G.  For  control  slides,  the 
primary  antisodium  channel  antibody  was  preblocked  with 
the  peptide  antigen  (1  yl  of  peptide  per  2  p.1  of  antibody 
overnight  at  4°  C).  Labeled  specimens  were  examined  with 
either  an  Olympus  BH2  epifluorescence  microscope  or  a 
Leica  laser  scanning  confocal  microscope. 

Radioimmunoassay.  Neuroma  or  sural  nerve  speci¬ 
mens  were  weighed  and  then  homogenized  in  0.1  mol/liter 
sodium  phosphate  buffer  (pH  7.5)  and  1%  Lubrol  PX.  They 
were  then  centrifuged  at  45,700g  for  25  min,  and  the  pel¬ 
lets  were  discarded.  The  supernatants  were  denatured  by 
adding  1%  SDS  and  2.5%  betamercaptoethanol  and  boiling 
for  2  min.  After  cooling,  they  were  dialyzed  against  0.1 
mol/liter  sodium  phosphate  buffer  at  room  temperature  for 
24  hr.  The  extracts  were  retrieved  and  diluted  in  0.1  mol/ 
liter  sodium  phosphate  buffer  (pH  7.5),  1%  bovine  serum 


albumin,  0.1%  Lubrol,  and  0.021%  egg  phosphatidylcholine 
(Sigma,  grade  V)  to  a  concentration  of  <10  mg  wet  tissue 
per  100  |il.  Samples  (100  fil  per  tube)  were  incubated  with 
the  antisodium  channel  antibody  diluted  to  1:2,000  for  1  hr 
at  room  temperature.  Twenty  microliters  of  iodine- 125- 
labeled  purified  eel  sodium  channel  (17  fmol  or  30,000 
cpm;  specific  activity  =  1.06  mC i/nmol;  1  Ci  =  37  Gbq)  was 
then  added  to  each  tube  and  incubated  another  2  hr  at 
room  temperature.  Antibody-antigen  complexes  were  solid 
phase  precipitated  by  adding  100  yA  of  Tachisorb-R  (Cal- 
biochem  #575544)  and  incubating  with  gentle  shaking  for 
2  hr  at  room  temperature.  Samples  were  washed  with  0.1 
mol/liter  sodium  phosphate  buffer,  1%  bovine  serum  albu¬ 
min,  0.1%  Lubrol,  and  0.02%  egg  phosphatidylcholine  (Sig¬ 
ma,  grade  V)  (1.25  ml  per  tube)  and  then  centrifuged  at 
3,700g  for  5  min.  The  pellets  were  resuspended  in  the 
same  buffer  and  recentrifuged  at  3,700g  for  another  5  min. 
The  supernatants  were  discarded,  and  the  radioactivity  of 
the  pellets  was  determined  using  a  gamma  counter.  Con¬ 
centrations  of  sodium  channels  were  calculated  with  refer¬ 
ence  to  a  standard  curve  determined  by  using  known 
quantities  of  highly  purified  eel  sodium  channel. 

Results.  Immunocytochemistry.  Seventeen  neuromas 
from  16  patients  (one  patient  had  two  specimens)  and  six 
sural  nerves  from  six  of  these  patients  were  examined 
immunocytochemically. 

In  the  sural  nerves,  sodium  channel-specific  immunore- 
activity  (IR)  was  seen  only  at  nodes  of  Ranvier.  Unmyeli¬ 
nated  axons  exhibited  no  specific  IR  anywhere  along  their 
axolemma.  These  results  in  human  sural  nerves  are  iden¬ 
tical  to  those  found  using  similar  immunohistochemical 
studies  in  fish  posterior  lateral  line  nerves.5,6  Although 
electrophysiologic  and  biochemical  studies  demonstrate 
some  voltage-gated  sodium  channels  along  normal  unmy¬ 
elinated  and  intemodal  axolemma,  the  density  of  these 
sodium  channels  is  too  low  to  be  visualized  immunocyto- 
chemically  with  antisodium  channel  antibodies.5,6 

All  neuromas  showed  abnormally  intense  sodium  chan¬ 
nel-specific  IR  within  many  axons.  This  IR  was  seen  in 
large -diameter  (>1  p.m)  and  small-diameter  (<1  jxm)  ax¬ 
ons,  although  larger  axons  with  dense  IR  were  more  fre¬ 
quently  encountered.  The  IR  was  always  nonuniform  in 
distribution,  occurring  in  patches  of  variable  density  along 
the  axons.  Of  special  note,  this  dense  specific  IR  usually 
appeared  along  demyelinated  or  unmyelinated  segments  of 
axolemma.  When  myelinated  fibers  were  seen,  focal  accu¬ 
mulation  of  sodium  channels  was  observed  only  at  normal 
nodes  of  Ranvier.  Some  of  the  most  intense  immunolabel- 
ing  was  seen  at  the  neurite  tips,  and  these  axonal  endings 
were  always  devoid  of  a  myelin  sheath.  Within  neuromas 
there  was  considerable  individual  axon  variability  of  IR, 
with  some  axons  showing  many  patches  of  intense  IR  and 
other  axons  (even  neighbors)  showing  no  IR.  Even  in  the 
most  intensely  labeled  neuromas,  no  more  than  30  to  40% 
of  all  axons  showed  sodium  channel-specific  IR.  Although 
all  neuromas  exhibited  abnormal  sodium  channel-specific 
IR  within  many  axons,  there  was  considerable  variability 
in  terms  of  the  number  and  intensity  of  axons  stained 
within  individual  neuromas.  Only  minimal  nonspecific  im¬ 
munofluorescence  was  seen  when  the  primary  antisodium 
channel  antibody  was  preblocked  with  peptide,  confirming 
the  specificity  of  the  above-noted  IR.  Figure  1  provides 
examples  of  these  immunocytochemical  observations. 

July  1996  NEUROLOGY  47  273 


Figure  1.  Sodium  channel  immunocytochemistry  of  neuromas .  fa,  b,  c)  Distinct  segments  of  sodium  channel-specific  im~ 
munoreactiuity  are  present  throughout  the  axons  of  these  neuromas.  Also  note  the  intense  immunoreactivity  present  in 
several  axonal  tips  f arrowheads ).  (d)  Control  showing  the  nonspecific  immunofluorescence  that  occurs  when  the  primary 
antisodium  channel  antibody  is  preblocked  with  peptide.  Scale  bar  =  10  pm. 


Radioimmunoassay.  Sixteen  neuromas  from  15  of  the  ±  SEM  —  32.5  ±  3.7  picomol  per  gram)  as  compared  with 

patients  (one  patient  had  two  specimens)  and  six  sural  sural  nerves  (median  -  18.2;  mean  ±  SEM  =  17.1  r  2.2 

nerves  were  examined  using  RIA.  Portions  of  all  of  these  picomol  per  gram).  The  true  density  of  axonal  sodium 

specimens  had  been  examined  immunocytochemically  (see  channels  within  these  neuromas  was  probably  even 

prior  discussion).  For  each  specimen  the  concentration  of  greater  because  neuromas  contain  far  more  nonneural  tis- 

so  ium  channels  was  calculated  and  expressed  as  picomol  sue  than  normal  nerve.  Figure  2  graphically  illustrates  the 

per  gram  of  wet  weight.  The  Mann-Whitney  U  test  was  sodium  channel  density  for  each  specimen.  The  variance  of 

use  or  statistical  analysis  of  the  two  populations.  RIA  the  normal  nerves  was  much  less  than  that  of  the  neuro- 

ata  emonstrated  a  significantly  greater  (p  =  0.0075)  so-  mas,  and  there  was  very  little  overlap  between  the  two 

ium  c  annel  density  in  neuromas  (median  =  28.6;  mean  populations.  These  population  differences  are  consistent 
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Figure  2.  Frequency  histogram  of  the  sodium  channel 
density  in  neuromas  and  control  nerves.  The  neuromas,  as 
a  group,  had  a  significantly  greater  concentration  of  so¬ 
dium  channels  as  compared  with  the  control  nerves  (see 
text). 


with  the  expected  biologic  variability  of  the  sodium  chan¬ 
nel  density,  which  was  greater  for  the  neuromas.  Matched 
pairs  of  specimens  were  available  from  five  patients  (i.e., 
neuroma  and  sural  nerve  from  the  same  patient).  In  each 
case,  the  neuroma  contained  a  significantly  greater  density 
of  sodium  channels  than  the  sural  nerve.  All  RIA  data  are 
provided  in  the  table,  in  which  the  neuromas  are  ordered 
according  to  their  sodium  channel  density  (i.e.,  from  lowest 
to  highest)  and  their  degree  of  pain  is  provided.  By  inspec¬ 
tion,  one  can  ascertain  a  trend  in  the  direction  of  greater 
pain  for  neuromas  with  greater  concentrations  of  sodium 
channels.  These  data  suggest  a  positive  correlation  be¬ 
tween  the  density  of  sodium  channels  within  neuromas 
and  their  degree  of  pain. 

Discussion.  This  study  shows  that  sodium  chan¬ 
nels  accumulate  abnormally  within  the  axons  of  hu¬ 
man  painful  neuromas.  This  work  extends  and  cor¬ 
roborates  the  findings  of  several  animal  studies  of 
nerve  injury.3-5  Immunocytochemical  analysis  of  neu¬ 
romas  of  the  lateral  line  nerve  of  the  fish  Apterono- 
tus3  and  focally  injured  nerve  fibers  of  the  lateral 
line  nerve  of  Carassius  auratus  (goldfish)5  have 
shown  sodium  channel  accumulation  at  the  endings 
of  injured  axons.  Devor  et  al.4  immunolocalized  so¬ 
dium  channels  at  the  electron  microscopic  level  in 
neuromas  produced  in  rats.  Sodium  channel  accumu¬ 
lation  occurred  in  preterminal  axolemma,  which  was 
either  demyelinated  or  unmyelinated,  as  well  as  in 
neuroma  end  bulbs.  The  large-diameter  (>1  (xm)  ax¬ 
ons  within  the  neuromas  acquired  excess  sodium 
channels  only  after  myelin  was  stripped  from  their 
intemodal  axolemma.  Many  of  these  axons  contained 
distinct  patches  of  heavy  sodium  channel  immunola- 
beling.  These  findings  are  concordant  with  our  obser¬ 
vations  in  human  neuromas  and,  thus,  may  be  a 
general  feature  of  neuromas. 

The  accumulation  of  sodium  channels  within  the 


axons  of  neuromas  may  be  due  to  several  factors. 
Sodium  channels  are  synthesized  in  neuron  cell  bod¬ 
ies  and  transported  down  axons  by  microtubule- 
based  fast  axoplasmic  transport.5’7  When  the  cell 
bodies  of  the  squid  giant  fiber  lobe  are  dissociated 
from  their  giant  axons  and  maintained  in  culture, 
sodium  channels  amass  within  the  somata.7  This  ob¬ 
servation  suggests  that  the  axonal  membrane  nor¬ 
mally  serves  as  a  “sink”  for  sodium  channels  synthe¬ 
sized  within  the  cell  body  and  that  its  removal  by 
axotomy  causes  sodium  channels  to  accumulate  in 
the  remaining  viable  membrane.  After  injury  to  ax¬ 
ons,  sodium  channels,  which  are  continuously  trans¬ 
ported  down  axons,  would  be  expected  to  accumulate 
at  the  nerve  fibers’  distal  segments.  Concordant  with 
this  hypothesis  are  studies  demonstrating  that  block 
of  fast  axoplasmic  transport  decreases  ectopic  electri¬ 
cal  activity  in  injured  peripheral  nerves.2 

Local  demyelination  of  axons  within  neu  mas 
may  be  another  factor  that  permits  focal  ac  a- 
tion  of  sodium  channels.  In  our  study  and  us 
studies3-5  of  traumatic  nerve  injury,  when  .-urn 
channels  were  found  in  large  axons  (>1  p  ..iame- 
ter),  the  axolemma  was  devoid  of  myelin.  Dernyelina- 
tion  of  axons,  even  when  not  accompanied  by  axo¬ 
tomy,  permits  the  insertion  of  sodium  channels  along 
previously  intemodal  axolemma.6  Taken  together, 
these  observations  indicate  that  changes  of  the  re¬ 
gional  axonal  environment  at  the  site  of  injury  may 
act  to  change  the  distribution  of  sodium  channels. 

An  important  question  regarding  the  accumula¬ 
tion  of  sodium  channels  within  neuromas  is  whether 
this  accumulation  is  relevant  to  the  pathophysiology 
of  pain  associated  with  neuromas.  Neuromas  cer¬ 
tainly  may  serve  as  a  generator  of  painful  impuls¬ 
es.12  Wall  and  Gutnick1  were  the  first  to  demon¬ 
strate  that  some  afferent  fibers  originating  in  a 
neuroma  develop  spontaneous  electrical  hyperexcit¬ 
ability.  This  axonal  spontaneous  hyperexcitability 
and  the  sensitivity  of  neuromas  to  mechanical  and 
chemical  stimuli  are  now  indisputable  facts.28  The 
prevalence  of  such  ectopic  axonal  hyperexcitability 
varies  with  nerve  fiber  type  and  with  the  time  since 
nerve  injury,  but  it  is  nearly  always  present.  At  peak 
activity,  an  average  of  28%  of  all  injured  fibers  fire 
spontaneously  and  an  even  higher  percentage  ex¬ 
hibit  abnormal  mechanosensitivity.2  Because  the  ax- 
olemmal  distribution  of  sodium  channels  largely  de¬ 
termines  the  regions  of  electrical  excitability  in 
normal  axons,  an  altered  distribution  or  quantity  of 
such  channels  is  a  likely  cause  of  ectopic  impulse 
generation  in  injured  axons.2-5-8 

Besides  the  immunologic  evidence  supporting  ab¬ 
normal  accumulation  of  sodium  channels  within  neu¬ 
romas,  pharmacologic  and  mathematical  models  sup¬ 
port  this  concept.  Local  anesthetics  such  as  lidocaine 
and  mexiletine,  which  selectively  block  sodium  chan¬ 
nels,  have  been  studied  in  animals  and  humans  with 
peripheral  nerve  injury.  In  humans  with  neuromas, 
pain  can  be  decreased  by  local  infiltration  of  lido¬ 
caine  into  the  subcutaneous  tissues  surrounding  the 
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neuroma.9  In  rats  with  experimental  neuromas,  in¬ 
travenous  infusion  of  both  lidocaine  and  mexiletine 
can  completely  abolish  the  spontaneous  afferent  ac¬ 
tivity  arising  within  neuromas  without  blocking 
nerve  conduction  itself.10  Matzner  and  Devor8 
showed  that  the  sodium  channel  blockers  tetrodo- 
toxin  and  lidocaine  stop  neuroma  firing  by  suppress¬ 
ing  the  process  of  impulse  initiation  without  blocking 
impulse  propagation.  In  contrast,  veratridine,  which 
increases  sodium  conductance,  accelerates  ectopic 
firing.8  Taken  together,  these  pharmacologic  studies 
provide  strong  evidence  that  the  generator  potential 
associated  with  ectopic  neuroma  firing  sites  is  en¬ 
coded  into  an  impulse  train  by  a  process  that  de¬ 
pends  on  voltage-sensitive  sodium  channels.  Math¬ 
ematic  models  suggest  that  excess  membrane 
sodium  conductance  plays  a  major  role  in  promoting 
axonal  hyperexcitability.  The  Hodgkin-Huxley  equa¬ 
tion  was  used  to  predict  the  effects  of  altering  maxi¬ 
mal  sodium  conductance  (gNa+max)  on  the  process  of 
repetitive  neuronal  firing.2  This  model  shows  that 
increasing  gNa+max,  without  changing  any  other 
membrane  variable,  decreases  the  threshold  current 
necessary  to  evoke  repetitive  firing.  This  change  in 
membrane  properties  renders  the  membrane  hyper- 
excitable.  Although  changes  in  other  membrane 
properties  may  occur  in  the  axons  within  neuromas, 
these  data  indicate  that  accumulation  of  excess  so¬ 
dium  channels  is  sufficient  to  cause  ectopic  axonal 
hyperexcitability. 

The  accumulation  of  sodium  channels  within  in¬ 
jured  axons  may  be  a  feature  common  to  all  varieties 
of  peripheral  nerve  trauma,  especially  those  which 
give  rise  to  neuromas.  It  is  likely  to  be  a  major  cause 
of  ectopic  axonal  hyperexcitability.  When  injured 
sensory  fibers  develop  hyperexcitability,  the  percep¬ 
tion  of  pain  and  paresthesias  likely  occurs24’5;  how¬ 
ever,  the  entire  explanation  for  neuroma-associated 
pain  is,  undoubtedly,  more  complicated  than  this. 
The  membrane  remodeling  that  allows  a  redistribu¬ 
tion  of  sodium  channels  probably  causes  changes  in 
other  membrane-associated  proteins,  as  well.  In  par¬ 
ticular,  other  ion  channels  may  undergo  changes  in 
distribution,  quantity,  or  function.  If  alterations  of 
voltage-sensitive  potassium  channels  or  calcium 
channels  occur,  axonal  membrane  electrical  proper¬ 
ties  could  be  affected  in  a  complex  manner.  Periph¬ 
eral  nerve  injury  should  also  trigger  changes  in  the 
CNS  such  as  postsynaptic  amplification  of  afferent 
barrages  and  central  sensitization,  in  which  nor¬ 
mally  nonpainful  afferent  input  is  perceived  as  pain¬ 
ful.2  These  other  factors  notwithstanding,  further  in¬ 
vestigation  of  ion  channel  distribution  and  function 
within  damaged  axons  should  provide  a  better  un¬ 
derstanding  of  the  basis  for  the  abnormal  electrical 


excitability  that  frequently  develops  after  peripheral 
nerve  trauma.  Modification  of  ion  channel  distribu¬ 
tion  or  function  may  prove  to  be  a  particularly  fruit¬ 
ful  approach  to  the  treatment  of  pain  in  diseases  of 
the  peripheral  nervous  system. 
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ABSTRACT  Voltage-gated  sodium  channels  are  largely  localized  to  the  nodes  of  Ranvier  in 
myelinated  axons,  providing  the  physiological  basis  for  saltatory  conduction.  Studies  using  anti¬ 
sodium  channel  antibodies  have  shown  that  along  demyelinated  axons  sodium  channels  form  new 
distributions.  The  nature  of  this  changed  distribution  appears  to  vary  with  the  time  course  and 
mechanism  of  demyelination.  In  chronic  demyelination,  sodium  channels  increase  in  number  and 
redistribute  along  previously  internodal  axon  segments.  In  chronic  demyelination  produced  by 
doxorubicin,  the  increase  in  sodium  channels  appeared  independently  of  Schwann  cells,  suggesting 
increased  neuronal  synthesis.  In  acute  demyelination  produced  by  lysolecithin  new  clusters  of 
sodium  channels  developed  but  only  in  association  with  the  edges  of  remyelinating  Schwann  cells, 
which  appeared  to  control  the  distribution  and  mobility  of  the  channels.  These  findings  affirm  the 
plasticity  of  sodium  channels  in  demyelinated  axons  and  are  relevant  to  understanding  how  these 
axons  recover  conduction.  ©  1996  Wiley-Liss,  Inc. 

INTRODUCTION 

The  sodium  channel  is  a  transmembrane  protein 
which  mediates  the  voltage-dependent  sodium  perme¬ 
ability  of  electrically  excitable  membranes.  The  pres¬ 
ence  of  sodium  channels  is  of  obvious  importance  for 
the  generation  and  propagation  of  action  potentials 
along  axolemma.  The  distribution  of  sodium  channels 
along  myelinated  axons  is  nonuniform  since  they  are 
largely  localized  to  the  nodes  of  Ranvier  (Chiu,  1980; 

Ellisman  and  Levinson,  1982;  Neumcke  and  Stampfli, 

1982;  Ritchie  and  Rogart,  1977;  Waxman  and  Ritchie, 

1993).  This  nodal  localization  of  sodium  channels  pro¬ 
vides  one  of  the  physiological  bases  for  saltatory  con¬ 
duction.  In  contrast  to  these  unchallenged  observations 
regarding  the  localization  of  sodium  channels  in  my¬ 
elinated  axons,  little  is  known  regarding  the  distribu¬ 
tion  of  sodium  channels  in  demyelinated  axons.  Such 
information  is  important  because  the  resumption  of  ax¬ 
onal  conduction  appears  the  basis  for  recovery  in  many 
demyelinating  diseases  (Albers  et  al.,  1985;  Smith  and 
Hall,  1980;  Sumner,  1981).  The  recent  availability  of 
antibodies  specifically  directed  against  sodium  chan¬ 
nels  has  provided  new  and  refined  methods  for  exam¬ 
ining  sodium  channels  along  demyelinated  axons. 

DISTRIBUTION  OF  SODIUM  CHANNELS 
ALONG  MYELINATED  AXONS 

In  normal  myelinated  axons  sodium  channels  are 
largely  localized  to  the  axolemma  at  nodes  of  Ranvier. 

The  most  recent  electrophysiological  and  biochemical 
studies  demonstrate  an  axolemmal  sodium  channel 
density  of  —  1,000  to  2, 000/ pm2  at  the  nodes  of  Ranvier 
compared  with  a  density  of  40  to  80/ pm2  in  the  inter¬ 
nodal  segments  (Chiu,  1980, 1987;  Ellisman  and  Levin¬ 


son,  1982;  Neumcke  and  Stampfli,  1982;  Ritchie  and 
Rogart,  1977;  Shrager,  1989;  Waxman  and  Ritchie, 
1993).  Immunocytochemical  studies  such  as  those  illus¬ 
trated  in  Figures  1  and  2a  have  provided  clear-cut 
proof  of  the  nodal  clustering  of  sodium  channels. 

The  mechanisms  underlying  the  segregation  of  so¬ 
dium  channels  at  nodes  of  Ranvier  are  not  well  under¬ 
stood.  The  observation  that  nodal-9pecific  axolemmal 
specialization  can  develop  independently  of  myelina- 
tion  suggests  that  intrinsic  axonal  factors  immobilize 
sodium  channels  at  nodes  of  Ranvier,  perhaps  indepen¬ 
dently  of  glial  cell  contact  (Ellisman,  1979;  Wiley-Liv- 
ingston  and  Ellisman,  1980).  Of  particular  interest  in 
this  regard  is  the  protein,  ankyrin,  which  links  certain 
transmembrane  proteins  with  the  cytoskeleton  in  sev¬ 
eral  types  of  cells,  including  erythrocytes  and  neurons 
(Baines,  1990).  One  isoform  of  ankyrin  not  only  local¬ 
izes  to  nodes  of  Ranvier  (Kordeli  et  al.,  1990)  but  also 
binds  to  the  voltage-gated  sodium  channel  (Srinivasan 
et  al.,  1988).  These  findings  provide  indirect  support  for 
the  hypothesis  that  sodium  channels  are  restricted  to 
the  node  by  their  linkage  to  ankyrin,  which  associates 
with  the  internal  cytomatrix  via  spectrin  (Baines, 
1990).  The  particular  role  played  by  glial  cells  in  de¬ 
termining  or  refining  nodal  clustering  of  sodium  chan¬ 
nels  is  not  known,  but  in  one  experimental  model  using 
co-cultures  of  sensory  neurons  and  Schwann  cells,  the 
clustering  of  sodium  channels  on  axons  appeared  to  be 
related  to  Schwann  cell  contact  (Joe  and  Angelides, 
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Fig.  1.  Sodium  channel  localization  along  myelinated  axons  from 
the  dorsal  column  of  eel  ( Electrophorus  electricus )  spinal  cord  using  a 
polyclonal  anti-sodium  channel  antibody,  a:  Partially  mechanically 
desheathed  myelinated  fiber  showing  sodium  channel-specific  immu- 
nostaining  at  the  node  of  Ranvier  (arrows).  Bar  =  1  p.m.  b:  Com¬ 
pletely  mechanically  desheathed  fiber  showing  that  sodium  channel- 
specific  immunostaining  is  still  restricted  to  the  nodal  zone  despite 

1992).  Even  if  initial  nodal  clustering  of  sodium  chan¬ 
nels  can  occur  independently  of  glial  cell  contact,  glial 
cell-axon  interactions  could  reshape  and  refine  the  fi¬ 
nal  distribution  of  sodium  channels.  A  major  possibil¬ 
ity  is  that  the  density  of  sodium  channels  could  be  sup¬ 
pressed  along  axolemma  ensheathed  by  Schwann  cells. 

In  the  peripheral  nervous  system  Schwann  cell  pro¬ 
cesses  are  closely  apposed  to  the  axolemma  at  nodes  of 
Ranvier,  and  in  the  central  nervous  system  astrocyte 
processes  have  a  similar  perinodal  anatomy  (Berthold 
and  Rydmark,  1983;  Hildebrand,  1971;  Raine,  1984; 
Sims  et  al.,  1991;  Waxman  and  Black,  1984).  These 
relationships  are  so  specific  that  Schwann  cell  pro¬ 
cesses  (in  the  PNS)  and  perinodal  astrocyte  processes 
(in  the  CNS)  should  be  considered  integral  parts  of  the 
node  of  Ranvier.  Thus,  in  the  central  nervous  system, 
perinodal  astrocytes  are  important  components  of  the 
node  of  Ranvier  even  though  oligodendrocytes  provide 
myelin  for  the  central  axons.  Both  Schwann  cells  and 
astrocytes  contain  sodium  channels.  Glial  sodium 
channels  were  documented  first  in  cultured  Schwann 
cells  and  astrocytes  (Bevan  et  al.,  1985;  Chiu  et  al 
1984;  Nowak  et  al.,  1987;  Shrager  et  al.,  1985),  but 
recent  immunohistochemical  studies  have  confirmed 
that  sodium  channels  are  expressed  in  situ  by  astro¬ 
cytes  and  Schwann  cells  (Black  et  al.,  1989a, b;  Ritchie 
et  al.,  1990).  Why  sodium  channels  exist  within  these 
glial  cells  is  not  known.  One  theory  is  that  these  sat¬ 
ellite  cells  may  function  as  ancillary  sites  for  the  syn¬ 
thesis  of  sodium  channels,  which  are  then  transferred 
to  nodal  axolemma  (Bevan  et  al.,  1985;  Gray  and 


antibody  access  to  internodal  axolemma  (arrows).  Bar  =  1  urn.  cz 
Myelinated  fiber  reacted  with  antibody  pre-adsorbed  with  purified 
sodium  channel.  The  lack  of  immunostaining  confirms  antibody  spec¬ 
ificity  for  sodium  channels.  Bar  =  1  pm.  (Reproduced  from  Ellisman 
and  Levinson,  1982,  with  permission  of  the  authors  and  National 
Academy  of  Sciences.) 


Ritchie,  1985;  Shrager  et  al.,  1985).  Since  neurons  pro¬ 
duce  and  transport  sodium  channels  independently  of 
glial  cells  (Brismar  and  Gilly,  1987;  England  et  al., 
1994;  Lombet  et  al.,  1985),  axonal  sodium  channels 
most  likely  do  not  arise  exclusively  or  primarily  from 
satellite  cells.  Thus,  the  significance  of  glial  associated 
sodium  channels  is  currently  unknown. 

DISTRIBUTION  OF  SODIUM  CHANNELS 
ALONG  DEMYELINATED  AXONS 

Demyelination  is  the  primary  pathophysiologic  pro¬ 
cess  in  several  important  diseases  of  the  nervous 
system.  Examples  include  multiple  sclerosis  and  the 
demyelinating  peripheral  neuropathies.  In  these  dis¬ 
eases,  at  least  acutely,  most  of  the  symptoms  and  signs 
are  due  to  demyelinative  conduction  block  along  af¬ 
fected  axons.  Although  remyelination  and  the  re-estab- 
lishment  of  saltatory  conduction  can  restore  function, 
many  of  these  diseases  are  characterized  by  incomplete 
remyelination.  This  is  especially  true  for  demyelina¬ 
tive  diseases  of  the  central  nervous  system  such  as 
multiple  sclerosis  where  limited  remyelination  occurs 
(McDonald,  1974,  1977).  The  well-established  fact  that 
patients  with  multiple  sclerosis  often  exhibit  consider¬ 
able  remission  after  an  attack  (despite  persistent  cen- 
^il  n®rvous  system  demyelination)  suggests  that  some 
chronically  demyelinated  axons  can  recover  conduc¬ 
tion,  perhaps  in  a  continuous  manner  (McDonald, 
1974,  1977).  In  view  of  this  possibility,  several  inves¬ 
tigators  have  been  interested  in  exploring  how  sodium 
channels  might  be  reorganized  along  demyelinated  ax- 


Fig.  2.  Sodium  channel  localization  along  lateral  line  nerve  axons 
from  Carassius  auratus  using  a  polyclonal  anti-sodium  channel  anti¬ 
body.  In  a,  b,  and  c  the  top  image  is  the  fluorescence  photomicrograph 
and  the  bottom  image  is  the  digitized  representation  showing  the 
relative  pixel  intensity  along  the  axons,  a:  Normal  myelinated  axon. 
Note  the  discrete  peak  of  immunoreactivity  at  the  node  of  Ranvier, 
the  lower  level  of  nonspecific  fluorescence  of  the  myelin  (arrow),  and 


the  virtually  undetectable  nonspecific  fluorescence  of  mechanically 
desheathed  internodal  axon  (arrowhead),  b:  Demyelinated  axon  at  14 
days  after  injection  of  doxorubicin  with  one  segment  of  intense  im¬ 
munoreactivity.  c:  Demyelinated  axon  at  21  days  after  injection  of 
doxorubicin  with  multiple  segments  of  intense  immunoreactivity. 
Bars  -  50  \j.m.  (Reproduced  from  England  et  al.,  1990,  with  permis¬ 
sion  of  the  authors  and  National  Academy  of  Sciences.) 
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ons.  Knowing  how  these  channels  are  affected  by  de- 
myelination  is  important  to  understanding  why  demy- 
elinated  axons  fail  to  conduct  impulses  or,  conversely, 
how  some  might  recover  conduction. 

SUBACUTE  AND  CHRONIC  DEMYELINATION 

Several  toxins  which  specifically  demyelinate  nerve 
are  known.  Using  them,  one  can  create  a  well-defined 
in  vivo  experimental  model  of  demyelinated  nerve 
which  is  well  suited  for  investigating  the  resulting 
modulations  of  axonal  sodium  channels. 

In  vivo  intraneural  microinjection  of  doxorubicin,  a 
DNA  intercalating  agent,  causes  delayed  subacute  de- 
myelination  by  killing  Schwann  cells  (England  et  al., 
1988,  1990).  In  the  posterior  lateral  line  nerve  of  Car - 
assius  auratus  (goldfish)  this  agent  results  in  extensive 
segmental  demyelination  of  axons  starting  at  12  to  14 
days  postinjection.  Using  a  well-characterized  poly¬ 
clonal  antibody  directed  against  sodium  channels, 
immunocytochemical  studies  have  revealed  new  distri¬ 
butions  of  sodium  channels  along  some  of  these  demy¬ 
elinated  axons  (England  et  al.,  1990).  The  formation  of 
the  new  distributions  of  sodium  channels  occurred  con¬ 
comitantly  with  the  evolution  of  segmental  demyelina¬ 
tion,  being  evident  by  days  14  and  21  after  injection. 
The  segments  of  immunoreactivity  specific  for  sodium 
channels  ranged  in  length  from  35  to  72  pm,  much 
longer  than  nodes  of  Ranvier,  which  are  approximately 
1  pm  in  length.  Several  demyelinated  axons  (especially 
at  days  21  to  28  after  injection)  showed  multiple  re¬ 
gions  of  specific  immunoreactivity,  each  extending 
over  relatively  long  stretches  of  bare  axolemma  (Fig. 
2).  These  changes  occurred  along  axons  surrounded 
only  by  Schwann  cell  basal  lamina  without  Schwann 
cell  cytoplasm  or  myelin,  implying  that  the  new 
patches  of  sodium  channels  arose  from  within  the  ax¬ 
ons  themselves.  Additionally,  the  length  and  location 
of  the  sodium  channels  indicated  placement  into  pre¬ 
viously  internodal  axolemma. 

An  important  issue  is  whether  such  new  distribu¬ 
tions  of  sodium  channels  arise  from  the  redistribution 
of  already  existing  sodium  channels  at  nodes  of  Ran¬ 
vier  or  from  the  synthesis  of  new  sodium  channels.  Ev¬ 
idence  in  favor  of  the  synthesis  of  new  sodium  channels 
is  available  from  radioimmunoassay  (RIA)  studies. 
RIA  demonstrated  a  significant  increase  in  the  number 
of  sodium  channels  in  doxorubicin-demyelinated  lat¬ 
eral  line  nerves  of  C.  auratus  (England  et  al.,  1990, 
1991).  At  days  14  and  28  after  doxorubicin  treatment 
there  was  approximately  a  three-  to  four-fold  increase 
of  sodium  channels  in  the  demyelinated  nerves  (Fig.  3). 
The  time  course  of  this  phenomenon  exactly  paralleled 
that  of  the  sodium  channel  distribution  changes  seen 
immunocytochemically  (England  et  al.,  1990).  Taken 
together,  these  studies  strongly  suggest  that  new  so¬ 
dium  channels  are  inserted  into  demyelinated  axo¬ 
lemma. 

Other  studies  have  suggested  a  redistribution  of 
sodium  channels  along  demyelinated  axons.  For  in¬ 
stance,  Bostock  and  Sears  demonstrated  short  seg¬ 
ments  of  continuous  conduction  along  axons  demyeli¬ 
nated  by  diphtheria  toxin  (Bostock  and  Sears,  1976, 
1978),  and  ferric  ion-ferrocyanide  (FeFCN)  staining 


Days  Post  Injection 


Fig.  3.  Time  course  of  the  change  in  sodium  channel  quantity  in 
nerves  demyelinated  by  doxorubicin.  Each  column  represents  the  ra¬ 
tio  of  the  sodium  channel  concentration  per  wet  weight  demyelinated 
nerve/sodium  channel  concentration  per  wet  weight  control  nerve  for 
pooled  nerve  preparations.  A  total  of  88  demyelinated  nerves  and  an 
equal  number  of  control  nerves  were  analyzed  by  radioimmunoassay. 
The  mean  ratios  (•)  ±  S.D.  are  shown.  (Reproduced  from  England  et 
al.,  1991,  with  permission  of  the  authors  and  Elsevier  Science  B.V.) 


suggested  a  reorganization  of  axon  membrane  in  rat 
demyelinated  peripheral  nerve  fibers  (Foster  et  al., 
1980).  More  recently,  increased  sodium  channel  densi¬ 
ties  (assessed  by  tritiated  saxitoxin  binding)  have  been 
documented  in  the  hypomyelinated  brain  of  the  mutant 
mouse  shiverer,  which  has  a  deletion  of  the  myelin  ba¬ 
sic  protein  gene  (Noebels  et  al.,  1991),  as  well  as  within 
the  demyelinated  brain  lesions  of  human  multiple  scle¬ 
rosis  (Moll  et  al.,  1991).  Interestingly,  the  magnitude  of 
these  increases  in  sodium  channels  (two-  to  four-fold) 
closely  approximates  the  values  found  in  the  RIA  stud¬ 
ies  of  doxorubicin-demyelinated  nerves  (England  et  ad., 
1991).  Collectively,  these  data  suggest  that  chronic  de¬ 
myelination  in  general  causes  a  similar  increase  in  the 
number  of  axonal  sodium  channels. 

Although  the  above-noted  studies  are  all  consistent 
with  the  placement  of  new  sodium  channels  along 
chronically  demyelinated  axons,  the  source  of  these 
channels  is  not  known.  The  two  major  possibilities  are 
that  these  sodium  channels  are  synthesized  within  the 
neuron  cell  bodies  or  within  glial  cells.  Sodium  chan¬ 
nels  are  quite  clearly  synthesized  in  neuron  cell  bodies 
(Brismar  and  Gilly,  1987)  and  transported  within  ax¬ 
ons  by  fast  axoplasmic  transport  (Lombet  et  al.,  1985). 
In  nerves  demyelinated  by  doxorubicin,  sodium  chan¬ 
nels  increase  despite  the  fact  that  Schwann  cells  die, 
suggesting  a  neuronal  source  for  the  new  channels  (En¬ 
gland  et  al.,  1990, 1991).  Closely  related  work  has  dem¬ 
onstrated  that  excess  sodium  channels  accumulate  in 
afferent  ending^  in  nerve  end  neuromas  (Devor  et  al., 
1989)  and  within  the  tips  of  injured  axons  (England  et 
al.,  1994),  further  implying  that  new  sodium  channel 
distributions  can  arise  solely  from  neuronal  mecha¬ 
nisms.  Since  some  astrocytes  and  Schwann  cells  con¬ 
tain  sodium  channels  (Bevan  et  al.,  1985;  Black  et  al., 
1989a, b;  Chiu  et  al.,  1984;  Nowak  et  al.,  1987;  Ritchie 
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Fig.  4.  Sodium  channel  clustering  in  remyelinating  axons  follow¬ 
ing  intraneural  microinjection  of  lysolecithin.  A:  Aggregates  of  so¬ 
dium  channels  form  at  the  edges  of  a  Schwann  cell,  14  days  postin¬ 
jection.  B:  Two  sodium  channel  clusters  associated  with  different 
Schwann  cells  appear  to  fuse,  forming  a  new  node  of  Ranvier,  also  at 


et  al.,  1990;  Shrager  et  al.,  1985),  one  must,  at  the 
least,  consider  the  possibility  that  these  glial  cells  pro¬ 
vide  demyelinated  axons  with  new  sodium  channels. 
Additionally,  neuronal  synthesis  of  sodium  channels 
and  glial  transport  of  sodium  channels  to  axons  may 
both  occur.  Using  a  polyclonal  anti-sodium  channel  an¬ 
tibody,  Black  et  al.  have  demonstrated  patches  of  in¬ 
creased  sodium  channel  density  along  rat  spinal  cord 
axons  demyelinated  by  ethidium  bromide/irradiation 
(Black  et  al.,  1991);  however,  this  immunostaining  oc¬ 
curred  only  at  axonal  sites  in  contact  with  astrocyte  or 
Schwann  cell  processes.  The  association  of  astrocytes 
with  sodium  channels  along  demyelinated  central  ner¬ 
vous  system  axons  is  somewhat  surprising  since  it  is 


14  days  postinjection.  C:  Two  new  nodes  of  Ranvier  separated  by  a 
short  internode,  60  days  postinjection.  Bars  =  10  pm.  (Panel  C  re¬ 
produced  from  Dugandzija-Novakovic  et  al.,  1995,  with  permission  of 
the  Society  for  Neuroscience.) 


the  oligodendrocytes  which  provide  myelin  in  the  cen¬ 
tral  nervous  system.  But,  as  previously  noted,  some 
astrocytes  are  normally  closely  apposed  to  central  ax¬ 
ons  at  the  perinodal  region.  Astrocytes,  instead  of  oli¬ 
godendrocytes,  appear  to  have  an  intimate  association 
with  sodium  channels  in  central  axons.  In  a  few  other 
experimental  systems  the  development  of  sodium  chan¬ 
nel  clusters  in  axolemma  appeared  to  depend  upon 
glial-axonal  contact  (Black  et  al.,  1985;  Hildebrand  and 
Waxman,  1983;  Rosenbluth,  1985;  Rosenbluth  and 
Blakemore,  1984).  Thus,  glial  cells  may  provide  or  pro¬ 
mote  the  expression  of  sodium  channels  along  some 
chronically  demyelinated  axons.  Their  exact  contribu¬ 
tion  requires  further  study. 
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ACUTE  DEMYELINATION 

Intraneural  microinjection  of  lysolecithin  causes 
acute  demyelination  (Hall  and  Gregson,  1971).  The  ini¬ 
tial  damage  to  myelin  is  visible  within  a  few  hours 
postinjection,  progressing  to  complete  demyelination 
of  some  axons  within  a  few  days.  Proliferation  of 
Schwann  cells  also  occurs  within  a  few  days,  and  re¬ 
myelination  is  evident  by  9  to  10  days  postinjection. 
This  acute  demyelination  and  rapid  remyelination  is, 
thus,  much  different  than  the  chronic  demyelination 
and  incomplete  remyelination  which  follows  doxorubi¬ 
cin  injection  (England  et  al.,  1988). 

Using  a  site-directed  polyclonal  anti-sodium  channel 
antibody,  sodium  channel  clustering  has  been  studied 
along  rat  sciatic  axons  demyelinated  by  intraneural 
injection  of  lysolecithin  (Dugandzija-Novakovic  et  al., 
1995).  Demyelination  developed  rapidly,  and  by  7  days 
postinjection  many  axons  exhibited  long  stretches  of 
complete  demyelination.  At  this  stage  clusters  of  so¬ 
dium  channels  were  rarely  seen,  appearing  only  at 
heminodes  (marking  the  transition  from  myelinated 
to  demyelinated  axon  at  the  injection  site)  and  occa¬ 
sionally  in  the  middle  of  a  demyelinated  axonal  seg¬ 
ment  (presumably  representing  original  nodal  clus¬ 
ters).  Beginning  at  approximately  8  days,  proliferating 
Schwann  cells  adhered  to  demyelinated  axons,  and 
clusters  of  sodium  channels  were  found  at  the  edges  of 
the  Schwann  cells  (Fig.  4A).  When  the  Schwann  cells 
elongated,  the  clusters  of  sodium  channels  seemed  to 
move  with  them  along  the  axon.  As  the  Schwann  cells 
continued  to  move  toward  one  another,  their  associated 
clusters  of  sodium  channels  were  forced  together  in  the 
ever  decreasing  length  of  axon  separating  the  Schwann 
cell  processes.  Eventually  the  clusters  of  sodium  chan¬ 
nels  associated  with  two  apposing  Schwann  cells  ap¬ 
peared  to  fuse,  forming  new  nodes  of  Ranvier  (Fig.  4B 
and  C).  Thus,  at  least  in  this  model  of  acute  demyeli¬ 
nation,  sodium  channel  aggregation  and  mobility  are 
presumably  linked  to  or  controlled  by  remyelinating 
Schwann  cells. 

Previous  investigators  have  studied  the  electrophys¬ 
iological  changes  which  occur  along  axons  after  acute 
demyelination.  Rat  ventral  root  axons  were  demyeli¬ 
nated  by  lysolecithin  and  examined  using  the  electro- 
physiological  technique  of  external  longitudinal  cur¬ 
rent  analysis  (Smith  et  al,  1982).  New  discrete  foci  of 
inward  axonal  current  were  seen  as  early  as  4  days 
after  application  of  lysolecithin,  at  which  time  remy¬ 
elination  or  other  morphological  evidence  of  nodal  for¬ 
mation  were  not  yet  present.  These  investigators  sug¬ 
gested  that  these  discrete  foci  of  inward  current  were 
destined  to  become  new  nodes  of  Ranvier;  therefore, 
they  named  them  “phi”  siological  nodes  or  “<}>”-nodes. 
Perhaps  these  “6  nodes”  are  the  electrophysiological 
correlate  of  the  sodium  channel  clusters  seen  immuno- 
cytochemically  (Dugandzija-Novakovic  et  al.,  1995)  al¬ 
though  why  the  electrophysiological  foci  were  seen  ear¬ 
lier  (4  days)  than  the  immunocytochemical  clusters  (8 
days)  is  not  known.  Whether  “<)>  nodes”  require 
Schwann  cell  influence  for  their  formation  or  arise  de 
novo  is  also  not  known. 

Entirely  different  electrophysiological  results  were 


documented  along  rat  ventral  root  axons  acutely  demy¬ 
elinated  by  diphtheria  toxin  (Bostock  and  Sears,  1976, 
1978).  Using  the  same  technique  of  external  longitu¬ 
dinal  current  analysis,  Bostock  and  Sears  recorded  in¬ 
wardly  directed  membrane  currents  over  relatively 
long  stretches  of  demyelinated  axons,  suggesting  con¬ 
tinuous  conduction.  Why  axons  acutely  demyelinated 
by  lysolecithin  should  develop  discrete  foci  of  inward 
cun-ent  (suggesting  discrete  foci  of  sodium  channels), 
whereas  axons  acutely  demyelinated  by  diphtheria 
toxin  should  develop  long  segments  of  continuous  con¬ 
duction  (suggesting  long  segments  of  internodal  so¬ 
dium  channels)  is  an  unresolved  issue. 

Sodium  channel  redistribution  in  demyelination 
may  vary  not  only  with  the  time  course  of  this  process 
(acute,  subacute,  and  chronic)  but  also  with  the  mech¬ 
anism  of  demyelination.  Resolution  of  these  issues  will 
require  complementary  electrophysiological  and  im¬ 
munocytochemical  studies.  Understanding  these  pro¬ 
cesses  in  full  will  also  require  identification  of  the  mo¬ 
lecular  interactions  which  determine  aggregation  of 
sodium  channels  within  the  axonal  membrane. 
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Abstract— Two  cytokines,  tumor  necrosis  factor-alpha  (TNF-a)  and  interleukin-I  (IL-1).  which  are  released 
by  macrophages  during  the  early  inflammatory  phase  of  nerve  injury,  are  known  to  induce  activation  of 
mitogen-activated  protein  kinase  (MAPK)  and  stress-activated  protein  kinase  (SAPK),  which  locate  at 
different  signal  transduction  pathways  and  are  involved  in  cell  cycle  G0lG{  transition  and  cellular  pro¬ 
liferation  in  human  fibroblasts.  Activation  of  these  two  protein  kinases  by  the  cytokines  may  stimulate 
fibroblast  proliferation  in  damaged  nerves  and  thereby  play  a  role  in  the  formation  of  a  neuroma,  a 
disorganized  mass  of  tissue  that  interferes  with  neural  regeneration  and  repair.  To  investigate  the  possibility 
that  this  mechanism  is  operative  in  neuroma  formation,  we  used  cultured,  serum-starved  fibroblasts  from 
surgically  removed  human  neuromas  stimulated  with  TNF-a  and, or  IL-1  a  and  IL-l/L  and  measured  the 
activation  of  MAPK  and  SAPK  using  myelin  basic  protein  (MBP)  and  human  c-Jun  (1-169)  glutathione 
S-agarose  transferase  (GST)  fusion  protein  as  substrates.  For  comparison,  neuroma  fibroblast  cultures 
were  also  stimulated  with  phorbol  12-myristate  13-acetate  (PMA)  and  platelet-derived  growth  factor-AB 
(PDGF-AB).  a  potent  activator  for  MAPK.  TNF-a  and  both  forms  of  IL-1  produced  a  rapid  activation 
of  MAPK.  with  a  peak  at  15  min  for  TNF-a  stimulation,  and  a  peak  at  30  min  for  IL-1  stimulation.  TNF- 
2  combined  with  either  IL-1*  or  IL-1  p  produced  a  synergistic  effect  on  the  activation  of  MAPK.  The 
increases  in  MAPK  induced  by  TNF-a  and  IL-I  were  similar  to  the  increases  induced  by  PMA  and  PDGF- 
AB.  To  confirm  the  presence  of  MAPK,  immunoprecipitation  and  immunoblottmg  were  carried  out  on 
experimental  and  control  lysates.  TNF-a  and  IL-1  also  increased  activation  of  SAPK.  but  to  a  lesser  extent 
than  MAPK.  PMA  and  PDGF-AB  were  also  much  less  effective  in  stimulating  activation  of  SAPK.  Our 
findings  indicate  that  TNF-a  and  IL-1  activate  parallel  signal  transduction  pathways  in  human  neuroma 
fibroblasts,  and  that  they  are  relatively  stronger  activators  of  MAPK  than  of  SAPK.  Previous  studies  have 
convincingly  demonstrated  that  MAPK  and  SAPK  are  involved  in  human  fibroblast  proliferation.  The 
results  of  our  study  suggest  that  TNF-a  and  IL-1  may  play  a  role  in  frustrating  functional  nerve  regeneration 
alter  injury  by  stimulating  these  two  kinases,  which,  in  turn,  leads  to  fibroblast  proliferation  and  formation 
of  neuromas,  c  1997  Elsevier  Science  Ltd.  All  rights  reserved 


Injury  to  peripheral  nerve  initiates  a  series  of  cellular 
reactions  that  include  invasion  of  the  injury  site  by 
inflammatory  cells  and  activation  and  transformation 
of  the  neural  fibroblasts  and  Schwann  cells.  Inter¬ 
ruption  of  the  vascular  supply  and  the  associated 
cellular  damage  allow  macrophages  and  other  cells  of 
immune  origin  to  gain  easy  access  to  the  interior  of 
the  nerve  (Frisen  et  ai .  1993;  Venezie  et  al .,  1995). 
Macrophages  secrete  large  amounts  of  cytokines,  in 
particular  tumor  necrosis  factor-alpha  (TNF-a).  The 


*To  whom  all  correspondence  should  be  addressed  at:  LSU 
Eye  Center.  2020  Gravier  Street,  Suite  B.  New  Orleans. 
LA  70112,  U.S.A. 


environment  in  which  this  occurs  (the  interior  of  the 
damaged  nerve)  is  somewhat  sequestered  from  the 
extra-neural  space  and  there  is  ample  opportunity  for 
the  fibroblasts  and  Schwann  cells  therein  to  be 
exposed  to  cytokines  or  other  cell  signaling  molecules. 

An  undesirable  consequence  of  nerve  damage  is  the 
development  of  a  neuroma,  which  prevents  neural 
growth  and  functional  recovery.  A  neuroma  consists 
of  a  disorganized  mass  of  connective  tissue  made  up 
largely  of  fibroblasts  and  their  collagen  products. 
Cytokines,  which  can  be  damaging  or  stimulatory  to 
fibroblasts,  may  be  involved  in  neuroma  formation, 
but  their  role,  if  any,  is  unclear.  The  purpose  of  this 
study  was  to  examine  the  response  of  human  neuroma 
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fibroblasts  to  cytokines  and  to  determine  if  a  growth 
or  proliferative  response  could  be  identified. 

TNF-a  (cachectin).  a  product  of  stimulated  mon¬ 
ocytes  and  macrophages,  is  a  17kDa  polypeptide  that 
binds  to  two  specific  receptors  (55  and  80kDa)  and 
mediates  a  wide  range  of  biological  activities  (Vilcek 
and  Lee,  1991).  In  human  fibroblasts,  the  55kDa 
receptor  is  the  major  functional  receptor  for  TNF-a 
(Tartaglia  and  Goeddel.  1991).  Interleukin- 1  occurs 
in  the  form  of  two  polypeptides.  IL-la  and  IL-l/L 
which  are  distinct  gene  products  with  molecular 
weights  of  17kDa.  However,  they  recognize  the  same 
cell  surface  receptors  and  share  various"  biologic  acti¬ 
vities.  There  are  two  types  of  receptors  for  IL-f:  recep¬ 
tor  type  I,  a  major  functional  receptor,  of  which  the 
25  kDa  cytoplasmic  portion  is  essential  for  signaling 
and  receptor  type  II.  a  smaller  protein  that  is  un¬ 
important  in  signal  transduction  (Sims  et  al ..  1993). 
Both  TNF-a  and  IL- 1  are  proinflammatory  cytokines 
and  induce  some  similar  biological  effects,  particularly 
those  associated  with  local  and  systemic  inflammatory 
processes,  but  they  share  only  3%  of  their  primary 
amino  acid  structure  and  have  entirelv  different  recep¬ 
tors  (Dinarello.  1991).  TNF-a  and'lL-1  have  been 
shown  to  stimulate  fibroblast  proliferation,  modulate 
reparative  functions  following  tissue  injury,  and  accel¬ 
erate  wound  healing  (Dinarello.  1991;  Schmidt  et  al.. 
1982;  Sugarman  et  al.,  1985;  Vilcek  etal.,  1986;  Vilcek 
and  Lee,  1991). 

Previous  studies  have  demonstrated  that  TNF-a 
and  IL-1  activate  several  protein  kinases,  including 
MAPK.  in  human  fibroblasts,  indicating  that  these 
two  cytokines  may  share  a  cytoplasmic  component 
of  a  signal  transduction  pathway  (Guy  et  al.,  1991). 
Activation  of  MAPK  is  an  absolute  requirement  for 
triggering  the  fibroblast  proliferative  response  and  cell 
cycle  progression  (Meloche.  1995.  Pages  et  al.,  1993). 
Recent  studies  have  confirmed  that,  in  some  types  of 
cells.  TNF-a  and  IL-1  also  induce  activation  of  a 
novel  protein  kinase,  stress-activated  protein  kinase 
(SAPK),  which  is  part  of  a  signal  transduction  cascade 
related  to,  but  distinct  from,  the  MAPK  pathway 
(Brach  et  al.,  1993;  Kyriakis  et  al.,  1994;  Sanchez  et 
al.,  1994;  Sluss  et  al.,  1994;  Westwick  et  al.,  1994; 
Whitmarsh  et  al.,  1995).  Activated  MAPK  and/or 
SAPK  can  translocate  into  the  nucleus  and  regulate 
the  early  response  genes  c-jun  and  c-fos,  which  are 
activated  prior  to  the  GJG,  cell  cycle  transition.  Neu¬ 
tralizing  antibodies  to  c-jun  or  c-fos  are  capable  of 
abolishing  cell  cycle  progression  in  human  fibroblasts. 

In  the  present  study,  we  stimulated  fibroblasts  cul¬ 
tured  from  human  neuroma  tissues  with  TNF-a  and 
IL-I  and  found  that  both  protein  kinases,  MAPK 


and  SAPK.  were  activated  in  the  stimulated  cells  For 
activation  of  MAPK,  the  effect  of  a  combination  of 

dIIa'*  ^nrf' lhCr  IL'la  °r  IL''^  Was  synergistic. 
PMA  and  PDGF-AB  increased  activation  of  MAPK 

but  had  only  weak  effects  on  SAPK.  These  results 
suggest  that  TNF-a  and  IL-1  may  trigger  fibroblast 
proliferation  and  accelerate  the  early  stages  of 
neuroma  formation  after  injury  to  peripheral  nerve. 

experimental  procedures 

Materials 

Human  recombinant  TNF-a  (3.3  x  10J  units, /ue).  IL-la 

nXi°HUn,tS/^  ‘L'l/J  x  104  units//ag),  and  “platelet- 
denved  growth  factor  isoform-AB  (PDGF-AB)  were  pur- 
chased  from  Upstate  Biotechnology  Incorporated  (UBI 

antihoH  aC'd'  fYj  U  S  A  )'  Anti-MAPK  rabbit  polyclonal 
ant  body  covalently  coupled  to  protein  A  aaarose  bv  dime- 
thylpimehmidate;  anti-human  MAPK  polyclonal  antibody 
which  recognizes  42  and  44  kDa  isoforms  of  MAPK;  and 
human  c-Jun  (1-169)  GST  fusion  protein  were  also  pur¬ 
chased  from  UBI.  Protein  transfer  membrane  was  obtained 
from  Amersham  (England).  [y-J:P]ATP  (800Ci/mmol)  and 
I-protein  A  (58.67 mCi/mg)  were  obtained  from  ICN 
(lrvme.  CA.  U.S.A.).  Sodium  pyrophosphate,  trichloroacetic 
acid,  b-glycerolphosphate,  and  fi-mercaptoethanol  were  pur¬ 
chased  from  Aldrich  Chemical  Co.  (Milwaukee.  WI.  U.S.A  ) 
Dulbecco  s  modified  Eagle's  medium  (D-MEM)  and  fetal 
bovine  serum  were  obtained  from  Gibco  BRL.  Life  Tech¬ 
nologies.  Inc.  (Grand  Island,  NY,  U.S.A. ).  PMA  and  all 
other^reagents  were  purchased  from  Sigma  (St  Louis.  MO. 

Cell  culture  and  cytokine  treatment 

Human  neuroma  tissues  obtained  from  surgical  patients 
were  cut  into  pieces  and  cultured  in  D-MEM  containing  20% 
fetal  bovine  serum.  100  units/ml  penicillin,  and  lOOue  ml 
streptomycin,  and  maintained  at  3VC  in  a  humidified  atmo¬ 
sphere  of  air  with  5%  CO,.  The  cells  were  used  at  passages 
two  to  six.  In  each  passage,  about  1  x  106  cells  were  seeded 
in  100  mm  polystyrene  tissue  culture  dishes  and  allowed  to 
grow  to  confluence.  The  medium  was  changed  to  serum-free 
medium  for  24  h  prior  to  experimental  manipulation.  The 
quiescent  cells  were  stimulated  by  adding  10ng,ml  TNF-a. 

ng/ml  IL-la.  or  3  ng/ml  IL-1/?  or  a  combination  of  TNF- 
a  and  IL-la  or  IL-10.  [n  another  experiment.  PDGF-AB 
(10  ng/ml)  was  added  to  the  culture  medium,  and  the  cells 

~red  fPr  1 5  min  at  3rc’  or  PMA  (200  ng/ml)  was 
‘he  medlum  and  'he  cells  were  incubated  for  10  min 
at  57  C.  Control  cells  were  cultured  in  the  same  fashion  but 
were  not  stimulated  with  cytokines. 

MAPK  in  vitro  assay 

■  ExP^n™ental  and  control  cells  were  washed  three  times  in 
ice-cold  phosphate-buffered  saline,  then  scraped  into  500  ul 
of  ice-cold  lysis  buffer  containing  50  mM  A-glycerol- 
phosphate  (pH  7.4),  7mM  NaF,  and  0.3  mM  EDTA  The 
“  •'fle,was  c°[‘eActed  int0  a  Pellet  pestle  tube  (Kontes)  and 
centrifuged  at  5000  rpm  for  5  min  at  4'C.  The  pellets  were 
ground,  then  centrifuged  again  at  12,000  rpm  for  15  min  at 
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4'C.  The  supernatant  was  collected  into  Eppendorf  micro¬ 
centrifuge  tubes  and  stored  at  —  70  C  for  analysis.  The  pro¬ 
tein  concentration  was  measured  with  BCA  protein  assay 
reagent  (Pierce.  Rockford.  IL.  U.S.A.). 

MAPK  activity  was  determined  with  the  use  of  myelin 
basic  protein  (MBP)  as  substrate.  In  this  procedure.  15  pi  of 
cell  extract.  W  pi  (2pgip\)  MBP.  15  pi  reaction  buffer  mixture 
containing  70  mM  6-glycerolphosphate.  10  mM  NaF. 
0.6  mM  EDTA.  15mM  MgCk  2mM  dithiothreitol.  2/iCi 
[y-':P]ATP,  and  10  pM  ATP  were  added.  The  tubes  were 
vortexed  gently  and  incubated  for  10  min  at  30CC.  The  reac¬ 
tion  was  stopped  by  placing  20 /d  aliquots  of  the  kinase 
assay  mixture  onto  2  x  2  cm  squares  of  P8 1  phosphocellulose 
papers,  which  were  then  washed  in  0.75%  phosphoric  acid 
for  1 5  min  with  three  changes  of  buffer.  After  the  papers  were 
rinsed  in  acetone  for  5  min,  each  paper  was  transferred  into 
a  scintillation  vial  and  radiolabel  incorporation  was  deter¬ 
mined  by  liquid  scintillation  counting.  The  remaining  reac¬ 
tion  mixture  was  mixed  with  \5pi  of  2X  Laemmli's  sample 
buffer,  boiled  for  5  min,  and  subjected  to  10%  SDS-PAGE. 
The  gel  was  washed  extensively  in  a  washing  buffer  con¬ 
taining  1%  sodium  pyrophosphate  and  5%  trichloroacetic 
acid,  then  dried  for  autoradiography. 

Immunocomplex  MA  PK  assay 

Experimental  and  control  cells  were  washed  three  times 
with  ice-cold  phosphate-buffered  saline,  then  lysed  in  500  p\ 
of  lysis  buffer  containing  50 mM  6-glycerolphosphate  (pH 
7.4),  7mM  NaF,  0.3  mM  EDTA.  lO^g.ml  pepstatin.  and 
lO^g  ml  aprotinin.  The  cell  lysates  were  centrifuged  at 
12.000  rpm  in  an  Eppendorf  microcentrifuge  tube  for  15  min 
at  4  C.  The  supernatant  (300  p\)  was  collected  and  incubated 
with  protein  A-agarose  rabbit  polyclonal  antibody  to  MAPK 
for  2h  at  4  C.  After  centrifugation,  the  supernatant  was 
removed,  the  bead-antibody-antigen  complex  was  washed 
twice  with  lysis  buffer,  and  the  complex  was  resuspended  in 
20  pi  of  substrate  (MBP.  2p\i ml).  The  reaction  was  started 
by  adding  20  pi  of  the  reaction  buffer  mixture  containing 
5  fiCi  [y-3:P]ATP  and  10  pM  ATP,  and  the  samples  were 
incubated  for  10  min  at  37CC.  The  reaction  was  stopped  by 
the  addition  of  20  pi  of  2X  Laemmli’s  sample  buffer.  The 
samples  were  boiled  for  5  min  and  subjected  to  10%  SDS- 
PAGE.  After  electrophoresis,  the  gel  was  dried  and  auto¬ 
radiography  was  performed.  Band  densities  were  determined 
bv  scanning  with  a  StrataScan  7000  (StrataGene,  CA. 
U.S.A.). 

Immunoblotting 

Equal  volumes  of  lysate  were  subjected  to  10%  SDS- 
PAGE.  After  electrophoresis,  the  proteins  were  transferred 
to  a  membrane  using  transfer  buffer  containing  20  mM 
Trisma  (base)  (pH  8.6),  !20mM  glycine,  and  20%  (V/V) 
methanol.  The  membrane  was  washed  with  PBS  (pH  7.4), 
blocked  with  freshly  prepared  PBS  containing  3%  nonfat 
dry  milk,  and  subsequently  probed  with  rabbit  polyclonal 
antibody  to  MAPK  diluted  1:200  in  PBS  nonfat  milk  buffer 
overnight  at  4  C.  The  next  day,  the  membrane  was  washed 
with  PBS  buffer.  For  detection  of  antibody,  the  membrane 
was  incubated  in  PBS  nonfat  milk  buffer  containing  i:5I- 
protein  A  ( 1  pCi/mi)  for  2  h  at  room  temperature,  washed 
three  times  in  PBS  buffer,  dried,  and  exposed  to  x-ray  film 
at  -70C. 


Solid- phase  JNK  assay 

A  previously  described  method  (Hibi  et  al..  1993)  was 
modified  slightly  and  adapted  for  this  experiment.  Briefly, 
cultured  cells  were  lysed  with  a  buffer  containing  25  mM 
HEPES  (pH  7.7),  0.3  M  NaCl.  1.5mM  MgCCo.2mM 
EDTA.  0.1%  Triton  X-100,  0.5  mM  DTT,  20  mM  b-g ly- 
cerolphosphate.  0.1  mM  Na3V04,  2^g/ml  leupeptin,  and 
100  ^g  ml  PMSF.  The  lysates  were  diluted  in  buffer  con¬ 
taining  25  mM  HEPES  (pH  7.7),  75  mM  NaCl,  2.5  mM 
MgCI,,  0.1  mM  EDTA,  0.05%  Triton  X-100,  0.5  mM  DTT, 
20  mM  6-glycerolphosphate,  0.1  mM  Na3V04,  2^g/ml  leu¬ 
peptin.  and  100  pgjmi  PMSF.  Diluted  cell  lysates  (300  pi  with 
30 /ig  protein)  were  mixed  with  5  pi  of  c-Jun  GST  agarose 
suspension  and  incubated  with  gentle  agitation  for  2h  at 
4  C.  then  pelleted  by  centrifugation.  The  complexes  were 
washed  three  times  with  HEPES  binding  buffer  (20  mM 
HEPES.  pH  7.7;  50mM  NaCl;  ?.5mM^MgCk  0.1  mM 
EDTA.  and  0.05%  Triton  X-100),  resuspended  in  20^1  of 
kinase  buffer  (20  mM  HEPES,  pH  7.6;  20  mM  MgCI,;  20  mM 
6-glycerolphosphate;  20  mM  /7-nitrophenyl  phosphate; 
0.1  mM  Na3V04;  2mM  DTT)  containing  20  jiM  ATP  and 
3  pC'i  [y-32PjATP,  and  incubated  for  20  min  at  30  C.  The 
reaction  was  terminated  by  adding  20  pi  of  2X  Laemmli's 
sample  buffer  and  the  samples  were  subjected  to  10%  SDS- 
PAGE.  After  electrophoresis  the  gel  was  washed  with  wash¬ 
ing  buffer  for  staining  and  autoradiography.  The  band  den¬ 
sity  of  phosphorylated  c-Jun  GST  fusion  protein  was 
determined  by  scanning  densitometry. 

RESULTS 

Kinetics  of  MAPK  activation 

MAPK  phosphorylates  MBP  in  vitro  as  a  specific 
substrate.  By  measuring  the  ability  of  lysates  from 
experimental  and  control  cells  to  phosphorylate  MBP. 
we  determined  the  ability  of  cytokines  alone  and  in 
combination  to  activate  MAPK  in  human  neuroma 
fibroblasts.  To  determine  optimal  concentrations  and 
contact  time  for  stimulation,  we  initially  measured  the 
activity  of  MAPK  in  a  concentration  series  following 
stimulation  by  TNF-a  and  IL-1.  In  this  system,  a 
peak  of  MAPK  activation  was  reached  for  TNF-a  at 
lOng/ml  (Fig.  1(A)).  This  concentration  is  consistent 
with  previous  reports  that  cytokines  in  low  con¬ 
centration  can  stimulate  proliferation  and  mediate 
various  cellular  functions  of  fibroblasts  (Hattori  et  al .. 
1993:  Sugarman  et  al.,  1985;  Vilcek  et  al .,  1986).  The 
profile  for  II- la  appeared  to  have  two  peaks,  one  at 
1  ng  and  one  at  100  ng;  however,  in  preliminary  experi¬ 
ments  involving  stimulation  with  IL-1  a  and  TNF-a  in 
combination.  3  and  6ng  of  IL-1  a  gave  similar  results, 
and.  therefore,  3  ng  was  chosen  for  use  in  subsequent 
experiments.  As  seen  in  Fig.  1(B),  the  peak  at  6  ng  was 
only  slightly  and  non-significantly  greater  than  the 
value  at  3  ng.  (Although  we  also  saw  a  peak  at  100  ng, 
this  concentration  is  probably  not  physiological.)  The 
time-dependent  study  of  MAPK  activation  showed 
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Fig.  1.  TNF-a  and  IL-1  activation  of  MAPK  in  human  neuroma  fibroblasts.  (A)  TNF-a,  (B)  IL-1  a.  and 
(C)  IL-1/?  concentration-dependent  responses.  (D)  TNF-a,  (E)  IL-lx.  and  (F)  IL-1/?  time  kinetics.  Human 
neuroma  fibroblasts  were  grown  to  confluence  and  incubated  in  serum-free  medium  for  24  h,  then  stimulated 
for  15  min  with  TNF-a  or  IL-I  in  doses  ranging  from  0.5  to  lOOng  ml.  For  the  time  kinetics  studies,  cells 
were  treated  with  lOng/mi  TNF-a  or  3  ng/ml  IL-1  and  harvested  at  different  time  points.  The  activity  of 
MAPK  in  the  lysates  was  determined  as  described  in  Experimental  Procedures.  Three  independent  tests 
were  repeated  in  each  experiment.  Values  are  expressed  as  means  ±  standard  errors.  CONT,  control. 


that  TNF-a  induced  a  rapid  activation  of  MAPK;  the 
level  was  maximal  at  15  min,  then  declined  to  control 
level  at  1  h  (Fig.  1(D)).  For  IL-la  and  IL-1/?  stimu¬ 
lation.  MAPK  activity  was  maximal  at  30  min  (a  slight 
delay  from  the  peak  with  TNF-a),  and  declined  by 
60 min  (Fig.  1(E)  and  (F)). 


TNF-cc  and  IL-\  activation  of  MAPK  in  human  neur¬ 
oma  fibroblasts 

We  evaluated  MAPK  activation  produced  by  TNF- 
a  and  IL-1,  individually  and  in  combination,  using  a 
15  min  stimulation  period.  PM  A  and  PDGF-AB,  two 
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known  activators  of  MAPK.  were  selected  as  positive 
controls.  PMA  is  a  potent  activator  of  MAPK..  exert¬ 
ing  its  effect  by  phosphorylation  of  protein  kinase 
C  and  Raf-1  signal  transduction  pathways.  We  used 
300ng/ml  of  PMA.  which  produced  maximal  stimu¬ 
lation  in  the  human  neuroma  fibroblasts  (data  not 
shown).  PDGF-AB.  a  major  functional  isoform  of 
platelet-derived  growth  factor  that  also  stimulates 
fibroblast  proliferation  (Mever-Ingold  and  Eichner. 
1995),  was  used  at  a  concentration  of  lOng  ml. 
PDGF-AB  is  an  intrinsic  tyrosine  MAPK  activator 
and  the  signal  transduction  pathway  and  mitogenic 
effects  are  well  documented  (Lubinus  et  a/.,  1994; 
Marshall.  1995;  Valius  and  Kazlauskas.  1993).  Fol¬ 
lowing  the  1 5  min  stimulation  period,  the  lysates  from 
experimental  and  control  cells  were  reacted  with  sub¬ 
strate  (MBP)  and  reaction  buffer  containing  [y- 
3:P]ATP  for  10  min.  Phosphorylation  of  MBP  was 
used  as  the  measure  of  MAPK  activity  in  the  lysates. 

The  results  showed  that  treatment  with  either  TNF- 
a  or  IL-1  alone  increased  activation  of  MAPK  nearly 
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Fig.  2.  MAPK  activity  in  human  neuroma  fibroblasts  treated 
with  either  TNF-a.  IL-1.  or  a  combination  of  the  two;  PMA; 
or  PDGF-AB.  Serum-starved  cells  were  treated  with 
10  ng  ml  TNF-a  and.  or  3  ng  ml  IL-1  for  15  min.  300  ng  ml 
PMA  for  10  min,  or  lOng/ml  PDGF-AB  for  15  min.  Eight 
to  1 1  independent  experiments  were  repeated  with  TNF-a 
and  IL-1.  and  three  with  PMA  and  PDGF-AB.  The  lysates 
from  experimental  and  control  cells  were  reacted  with  sub¬ 
strate  (MBP)  and  reactivation  buffer  containing  [y-32p]ATP 
for  10  min.  Phosphorylation  of  MBP  was  measured  to  deter¬ 
mine  MAPK  activity  in  the  lysates.  The  combination  of 
TNF-a  and  IL-la  produced  significantly  greater  MAPK 
activation  than  either  one  alone  {P< 0.0001).  Activation  by 
TNF-a  and  IL-1/?  combined  was  significantly  greater  than 
that  produced  by  TNF-a  alone  {p<  0.001),  but  not  sig¬ 
nificantly  different  from  that  produced  by  IL-1/?  alone 
(p  =  0.05 1 ).  Values  are  expressed  as  means  ±  standard  errors. 
CONT,  control;  T — ILla.  TNF-a  plus  IL-la;  T — ILlb. 

TNF-a  plus  IL-1/?. 


2.5-fold,  compared  with  control.  Samples  treated  with 
a  combination  of  TNF-a  and  IL-1  showed  a  3.5-fold 
increase  in  the  phosphorylation  of  MBP.  an  increase 
greater  than  that  produced  by  either  cytokine  alone 
(Fig.  2).  The  increase  resulting  from  stimulation  by 
the  two  cytokines  together  was  also  greater  than  that 
produced  by  PDGF-AB  and  was  similar  to  that  pro¬ 
duced  by  PMA.  which  was  the  most  potent  activator 
used  in  our  study.  These  results  demonstrated  that 
TNF-a  and  IL-1  are  individually  capable  of  activating 
MAPK  and  also  that  stimulation  with  the  two  cyto¬ 
kines  together  produces  a  synergistic  effect  that  fur¬ 
ther  enhances  MAPK  activation.  Statistical  analysis 
of  the  results  from  8  to  1 1  independent  repetitions 
showed  that  activation  by  TNF-a  and  IL-la  together 
was  significantly  greater  than  activation  by  either  one 
alone  {p< 0.0001).  Activation  by  TNF-a  and  IL-1/? 
was  also  greater  than  activation  by  TNF-a  alone 
{p<  0.001),  but  was  not  significantly  different  from 
activation  by  IL-1/?  (p  =  0.051). 

We  undertook  to  demonstrate  activation  of  MAPK 
more  specifically,  in  that  it  is  possible  that  some  other 
protein  kinase  could  potentially  phosphorylate  MBP. 
the  substrate  used  in  this  study.  To  this  end.  immu- 
noprecipitation  of  MAPK  from  experimental  and 
control  lysates  was  carried  out  with  protein  A-agarose 
bound  to  rabbit  polyclonal  antibody  to  MAPK.  and 
the  resulting  immunocomplex  was  reacted  with  MBP 
and  reaction  buffer  containing  [y--:P]ATP.  Following 
electrophoresis,  the  densities  of  the  phosphorylated 
MBP  bands  were  calculated.  It  was  found  that,  after 
stimulation  with  TNF-a,  IL-la,  and  Il-l/L  MAPK 
levels  were  4.5-,  2.3-  and  3-fold  higher  than  control 
levels,  respectively.  The  combination  of  TNF-a  and 
IL-la  and  the  combination  of  TNF-a  and  IL-1  /?  pro¬ 
duced  5.5-  and  6-fold  higher  levels,  respectively,  com¬ 
pared  with  controls.  PMA  stimulation  produced  7- 
fold  higher  levels,  and  PDGF-AB  produced  5-fold 
higher  levels,  compared  with  controls  (Fig.  3).  Thus, 
activation  of  MAPK  and  the  synergistic  effect  of  the 
combination  of  TNF-a  and  IL-1  were  confirmed  in 
these  experiments. 

We  analysed  MAPK  by  immunoblotting  with  a 
polyclonal  antibody  that  recognizes  both  the  42  and 
the  44kDa  isoforms.  Activation  of  MAPK  requires 
phosphorylation  on  the  threonine  and  serine  residues, 
which  changes  the  electrophoretic  mobility.  In  un¬ 
treated  control  cells,  the  42  kDa  band  was  seen,  but 
the  44  kDa  band  was  somewhat  stronger.  In  the  lysate 
from  the  cytokine-treated  cells  (Fig.  4).  however,  the 
44  kDa  band  was  considerably  more  intense  than  the 
42  kDa  band.  This  type  of  molecular  weight  shift  is 
consistent  with  MAPK  activation. 
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Fig.  3.  Immunoprecipitation  analysis  of  MAPK  activity.  (Top)  The  lysates  from  experimental  and  control 
cells  were  immunoprecipitated  with  protein  A-agarose  bound  to  rabbit  polyclonal  antibody  to  MAPK. 
and  the  resulting  immunocomplexes  were  washed,  resuspended,  and  mixed  with  reaction  buffer  containing 
MBP  and  [y-?:P]ATP  for  10  min  at  30  C.  The  reaction  was  stopped  by  the  addition  of  2X  Laemmli’s  sample 
buffer,  after  which  the  samples  were  boiled  for  3  min  and  subjected  to  10%  SDS-PAGE.  (Bottom)  The 
phosphorylated  MBP  bands  were  scanned  and  the  densities  of  the  bands  were  calculated  and  plotted  as  a 
histogram.  CONT.  control:  T — ILla.  TNF-*  plus  IL-Ia:  T — ILIb.  TNF-a  plus  IL-I/L 
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Fig.  4.  Immunoblot  analysis  of  human  neuroma  fibroblast  lysates.  Lysates  from  experimental  and  control 
cells  were  analysed  as  previously  described.  Equal  volumes  of  the  lysates  were  subjected  to  10%  SDS- 
PAGE.  After  electrophoresis,  the  protein  was  transferred  onto  nitrocellulose  membranes  then  probed  with 
an  anti-MAPK  antibody  that  recognizes  both  the  44  and  42kDa  isoforms  of  MAPK.  The  immu¬ 
nocomplexes  on  the  membrane  were  detected  with  12SI-labeled  protein  A  and  imaged  by  autoradiography. 

CONT.  control. 


TNF-oc  and  l LA  activation  of  JNKjSAPK  signaling 
pathway 

Recent  studies  have  found  that  in  some  cell  types, 
TNF-a  and  IL-1  activate  a  distinct  signal  transduction 
pathway,  the  JNK/SAPK  signaling  pathway,  which  is 
thought  to  be  responsible  for  phosphorylation  of  the 
transactivating  domain  of  the  c-Jun  protein  in  vivo 
and  is  an  upstream  regulator  of  activation  of  the  c-jun 
gene.  Phosphorylated  c-Jun  homodimers  have  potent 
AP-1  activity  and  control  the  expression  of  a  number 
of  genes. 

To  determine  if  TNF-a  and  IL-1  induce  activation 
of  the  JNK  pathway  in  human  neuroma  fibroblasts. 


solid-phase  protein  kinase  assays  were  carried  out 
using  a  GST  fusion  protein  containing  amino  acids  1- 
169  of  c-Jun.  This  c-Jun  GST  fusion  protein  is  bound 
through  its  GST  moiety  to  glutathione  (GSH)-agarose 
beads  to  generate  an  affinity  matrix  for  identification 
of  c-Jun  binding  proteins.  The  c-Jun  amino-terminal 
kinase  binds  to  a  specific  region  within  the  c-Jun  trans¬ 
activation  domain  and  phosphorylates  serine  63  and 
serine  73.  After  binding  and  SDS-PAGE,  an  increase 
in  phosphorylated  c-Jun  GST  was  found  in  lysates 
treated  with  TNF-a,  IL-la,  or  IL-1/?.  IL-1/?  alone  and 
IL-1/?  in  combination  with  TNF-a  phosphorylated  the 
protein  more  efficiently  than  any  of  the  other  cyto¬ 
kines  or  combinations  used  in  this  study.  Control  lysa- 
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tes.  as  well  as  those  involving  PMA  and  PDGF 
stimulation,  showed  only  weak  phosphorylation  of  c- 
Jun  GST  (Fig.  5). 

DISCISSION 

Our  results  demonstrate  that  TNF-a  and  IL-1  acti¬ 
vate  MAPK  in  human  neuroma  fibroblasts.  Previous 
studies  have  shown  that  these  cytokines  share  many 
common  biological  activities,  despite  the  fact  that  they 
are  structurally  unrelated  and  bind  to  different  cell 
surface  receptors  (Dinarello.  1991).  This  phenomenon 
could  be  explained  by  sharing  of  a  common  segment 
of  a  signal  transduction  pathway.  Two-dimensional 
gel  electrophoresis  has  demonstrated  that  both  TNF- 
a  and  IL-1  increase  phosphorylation  of  a  specific 
group  of  at  least  23  proteins  and  decrease  phos¬ 
phorylation  of  10  additional  proteins,  whereas  other 
cytokines  do  not  exhibit  this  effect  (Guy  et  aL,  1991; 
Guy  et  ai ,  1992).  Because  the  TNF-a  and  IL-1  recep¬ 
tors  lack  intrinsic  kinase  activity,  the  cytokines  bind 
to  their  receptors  and  initiate  a  signaling  cascade  by 
phosphorylation  of  intracellular  protein  kinases, 
including  protein  kinase  C.  protein  kinase  A.  phos¬ 


pholipase  C,  MAPK,  and  SAPK  (Brenner  et  at. ,  1989; 
Mizel.  1990;  Saklatvala.  1995;  ShissetaL,  1994;  Vietor 
et  ai ,  1993;  Vilcek  and  Lee,  1991;  Whitmarsh  et  al 
1995).  The  receptor  for  PDGF-AB  does  have  intrinsic 
tyrosine  kinase  activity  (Lubinus  et  al. ,  1994;  Valius 
and  Kazlauskas,  1993),  and  PMA  is  a  potent  tumor 
promoter  and  strong  MAPK  activator  (Gause  et  ai , 
1993;  Srinivasan  and  Begum,  1 994).  In  our  study,  both 
induced  a  large  increase  in  activation  of  MAPK,  but 
only  weak  activation  of  SAPK,  and  the  increase  in 
MAPK  activation  stimulated  by  TNF-a  and  IL-1  was 
similar  to  that  produced  by  PMA  and  PDGF-AB. 
These  results  indicate  that  TNF-a  and  IL-1  are 
relatively  potent  stimulators  of  MAPK  in  these  cells. 

MAPK  can  phosphorylate  a  large  number  of  pro¬ 
teins  after  they  are  activated.  These  proteins,  which 
include  c-Fos.  Elk-1,  and  c-Myc.  are  often  regulatory 
in  nature  and  are  located  in  the  cytoplasm  and  the 
nucleus  (Saklatvala.  1995).  Moreover,  upstream  pro¬ 
teins  of  the  MAPK  cascade,  including  NGF  receptor. 
EGF  receptor.  PTP2C.  SOS,  Raf-1,  and  MEK,  are 
also  good  substrates  for  MAPK  (Cano  and  Mahad- 
evan.  1995;  Seger  and  Krebs,  1995).  Cytoskeletal 
elements,  such  as  MAP-1.  MAP-2,  and  MAP-4,  are 
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Fig.  5.  Determination  of  SAPK  activity  with  solid-phase  protein  kinase  assay.  (Top)  Experimental  and 
control  cell  lysates  were  diluted  to  a  volume  of  300  ^1  containing  30  protein.  The  lvsate  solution  was 
mixed  with  agarose-conjugated  human  c-Jun  (1-169)  GST  fusion  protein  and  incubated  with  gentle 
agitation  for  2  h  at  4  C  then  pelletted.  After  washing,  the  pellets  were  resuspended  and  incubated  in  kinase 
buffer  containing  [y-P]ATP  for  20  min  at  30  C.  The  reaction  was  terminated  by  adding  2X  Laemmlis 
sample  buffer  and  the  samples  were  subjected  to  10%  SDS-PAGE.  Following  electrophoresis,  the  gel  was 
washed  and  imaged  by  autoradiography.  (Bottom)  Radioactivity  incorporated  into  the  bands  of  c-Jun 
GST  was  measured  by  densitometry  and  the  results  were  plotted  as  a  histogram.  CONT,  control-  T — ILIa 
TNF-a  plus  IL-la;  T— ILIb,  TNF-a  plus  IL-10. 
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also  substrates  for  MAPK  (Saklatvala.  1995;  Seger 
and  Krebs.  1995);  phosphorylation  of  these  proteins 
regulates  cytoskeletal  rearrangements  and  cellular 
morphology. 

Usually,  activation  of  MAPK  is  involved  in  the  cell 
cycle  G0-G|  transition  and  is  directly  correlated  with 
cellular  proliferation  (Boulton  el  aL.  1990;  Meloche. 
1995).  However,  in  some  types  of  cells,  such  as 
neurons,  activation  of  MAPK  is  unrelated  to  cell  pro¬ 
liferation  (Qui  and  Green.  1992;  Traverse  et  aL.  1992). 
MAPK  activation  in  PC  12  cells  causes  cellular  differ¬ 
entiation  that  is  frequently  accompanied  by  cessation 
of  proliferation  (Cowley  et  aL.  1994).  Some  forms 
of  PDGF  are  potent  activators  of  MAPK  in  human 
fibroblasts;  the  isoforms  PDGF-AB  and  PDGF-BB 
elicit  a  strong  mitogenic  response,  whereas  PDGF- 
AA  is  not  a  major  functional  isoform  and  does  not 
have  a  significant  effect  on  DNA  synthesis  in  the  cells 
(Lubinus  et  aL.  1994;  Meyer-Ingold  and  Eichner, 
1995).  Both  TNF-a  and  IL-1  have  been  shown  to 
promote  MAPK  activation  and  also  to  promote  DNA 
synthesis  in  fibroblasts.  In  fact,  these  activities  of  the 
two  cytokines  have  been  most  convincingly  dem¬ 
onstrated  in  studies  of  fibroblasts  (Guy  et  aL.  1991; 
Vietor  et  aL.  1993;  Vilcek  et  aL.  1986;  Schmidt  et  aL. 
1982).  Data  from  our  study  substantiate  the  finding 
that  TNF-a  and  IL-1  may  accelerate  cell  proliferation 
following  activation  of  MAPK.  However,  our  study 
also  shows  that  TNF-a  and  IL-1  activate  MAPK  syn- 
ergistically,  which  may  be  due  to  binding  of  the  cyto¬ 
kines  to  different  receptors  affecting  a  common  target 
kinase.  TNF-a  and  IL-1  show  many  synergistic  func¬ 
tions  (Dinarello.  1991;  Vilcek  and  Lee.  1991),  and 
these  cytokines  have  been  found  in  wound  fluid  and 
plasma  after  injury  (Grayson  et  aL.  1993;  Wells  et  a /., 
1992),  which  suggests  that  they  have  intrinsic  sec¬ 
ondary  relationships  to  one  another. 

TNF-a  and  IL-1  activate  SAPK  in  human  neuroma 
fibroblasts,  a  signal  transduction  pathway  thought  to 
be  distantly  related  to  the  MAPK  pathway.  Two 
SAPK  isoforms  (46kDa  SAPK,  and  55kDa  SAPK:) 
have  been  identified.  SAPK  can  activate  tran¬ 
scriptional  activity  of  c-jun  by  phosphorylation  of  the 
c-Jun  NH:-terminal  domain  at  serine  63  and  73  (Hibi 
et  aL.  1993;  Kyriakis  et  aL.  1994).  MAPK  and  SAPK 
are  similar  in  that  both  require  dual  phosphorylation 
at  threonine  and  serine  within  subdomain  VIII  for 
activation  (Cano  and  Mahadevan,  1995);  however, 
upstream  protein  kinases  are  distinct.  For  down¬ 
stream  substrates,  although  MAPK  also  phos- 
phorylates  c-Jun,  phosphopeptide  mapping  has 
indicated  that  phosphorylation  occurs  at  a  C-terminal 
site  on  Ser-243  that  is  inhibitory  (Minden  et  aL,  1994). 


In  our  study,  activation  of  SAPK  was  induced  by 
TNF-a  and  IL-1  binding  to  their  receptors  and  media¬ 
ting  a  distinct  signaling  transduction  pathway. 

Cytokines  affect  both  MAPK  and  SAPK  (Sak¬ 
latvala.  1995);  however,  the  transcriptional  control 
site  is  thought  to  be  a  physiologically  significant  target 
of  their  signaling  transduction  pathways  (Whitmarsh 
et  aL.  1995).  Several  studies  have  demonstrated  that 
MAPK  induces  activation  of  c-fos  and  SAPK  acti¬ 
vates  c-jun.  Both  c-fos  and  c-jun  are  components  of  the 
AP- 1  transcription  factor  complex,  which  is  capable  of 
forming  homodimers  and  heterodimers  with  various 
other  members  of  the  Jun-Fos  family  (Angel  and 
Karin,  1991).  TCF  and  Elk-1  can  also  be  substrates 
for  both  MAPK  and  SAPK.  Phosphorylation  of  Elk- 
1  by  these  kinases  leads  to  increased  TCF  at  SRE 
(serum  response  element)  and  increased  tran¬ 
scriptional  activity,  which  contributes  to  increased  c- 
fos  expression  by  activating  the  c-fos  promoter  associ¬ 
ated  with  SRE  (Whitmarsh  et  aL.  1995).  Increased 
expression  of  Fos  and  Jun  proteins  is  essential  for 
activation  of  AP-1.  Studies  have  also  demonstrated 
that  TNF-a-stimulated  fibroblast  proliferation 
requires  activation  of  c-jun > AP-1  (Brach  et  aL.  1993). 
In  our  study,  TNF-a  and  IL-1  increased  activation  of 
MAPK  and  SAPK.  which  would,  in  turn,  promote 
fibroblast  proliferation  by  increasing  c-fos  and  c-jun 
activity. 

TNF-a  and  IL-1  are  secreted  by  macrophages  in 
the  peripheral  and  central  nervous  systems,  and  the 
levels  of  these  cytokines  have  been  shown  to  increase 
dramatically  in  plasma  24-48  h  after  peripheral  nerve 
injury  (Wells  et  aL.  1992).  In  addition,  cytokines  can 
induce  non-neuronal  cells  such  as  astrocytes.  Schwann 
cells,  and  fibroblasts  to  produce  NGF,  which  may 
facilitate  the  regeneration  of  injured  axons  (Carman- 
Krzan  etaL.  1991;  Lindholme/a/.,  1987,  1988;  Hattori 
et  al..  1993).  Our  results  indicate  that  TNF-a  and 
IL- 1  induce  activation  of  MAPK  and  SAPK  in  human 
neuroma  fibroblasts  and  that  these  activated  protein 
kinases  may  act  to  accelerate  fibroblast  proliferation, 
which  clearly  has  a  central  role  in  neuroma  formation. 
The  results  of  this  and  other  studies  suggest  that  early 
inflammatory  events  may  have  an  important  role  in 
the  initiation  of  cellular  events  that  could  lead  to 
neuroma  formation.  However,  additional  events,  pos¬ 
sibly  including  the  lingering  presence  of  inflammatory 
cells  and  the  continued  release  of  cytokines,  must 
occur  to  maintain  the  activation  of  the  fibroblasts 
beyond  the  role  required  for  repair. 
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NEUROTIZATION  OF  MOTOR 
NERVES  INNERVATING 
THE  LOWER  EXTREMITY 
BY  UTILIZING  THE  LOWER 
INTERCOSTAL  NERVES 


ABSTRACT 


An  animal  model  in  the  rat  was  developed  to  study  the  reinnervation  of  ventral  roots  contributing  to 
lower-extremity  nerves  by  use  of  intercostal  nerves.  Intercostal  nerves  and  distal  cauda  equina  roots  were 
anastomosed,  using  a  collagen  tube  and  microsurgical  technique.  Most  experimental  animals  could  lift 
their  previously  paralyzed  legs  and  could  walk  with  a  severe  limp  by  9  months  postoperatively.  Recordings  of 
nerve  action  potentials  (NAPs)  and  muscle  action  potentials  (MAPs)  indicated  that  the  intercostal  and 
sciatic  nerves  had  some  functional  connections.  Histologic  analysis  12  months  after  repair  demonstrated 
axonal  regeneration  extending  from  the  intercostal  nerves  to  and  down  lumbar  ventral  roots.  Most  of  the 
regenerated  fibers  were  moderately  well-myelinated.  Connections  between  the  neurons  of  the  anterior  horn 
cells  in  the  lower  thoracic  spinal  cord  and  the  reinnervated  sciatic  nerve  were  confirmed  by  retrograde  tracer, 
using  fast  blue. 


Intercostal  nerves  have  been  used  for  a  number 
of  years  in  an  attempt  to  reinnervate  the  arm  in  very 
proximal  brachial  plexus  stretch  and  avulsive  inju¬ 
ries.1"11  Although  results  vary  from  series  to  series, 
some  40  to  50  percent  of  patients  do  regain  biceps/ 
brachialis  function.  However,  it  has  been  difficult  for 
such  a  neurotization  procedure  to  provide  more  than 
one  function.  Patients  recovering  elbow  flexion  sel¬ 
dom  gain  shoulder  abduction,  even  though  the  inter¬ 
costal  nerves  are  extended  by  grafts  to  axillary  and/or 
suprascapular  nerves. 

The  use  of  the  intercostals  for  originating  axons 
is  one  of  several  forms  of  neurotization  used  in  the 
upper  extremity.  Neurotization  techniques  for  the 
lower  extremity  are,  to  date,  not  as  feasible  as  those 
for  the  upper  extremity.  This  is,  at  least  partly,  due  to 
the  distance  between  the  upper  intercostal  nerves  and 


the  femoral  and  sciatic  nerves.  In  the  current  study,  we 
designed  an  animal  model  of  neurotization  of  lower- 
extremity  nerves,  by  anastomosing  ipsilateral  and 
contralateral  lower  intercostal  nerves  to  the  ventral 
lumbar  nerve  roots  of  the  cauda  equina. 


MATERIALS  AND  METHODS 


Surgical  Technique.  Ten  healthy  adult  male 
Sprague-Dawley  rats  (weight:  270  to  330  g)  were  anes¬ 
thetized  by  intraperitoneal  injection  with  pentobarbital 
(4  mg/100  g).  Atropine  (0.12  ml)  was  given  intra¬ 
muscularly  to  inhibit  bronchial  secretions.  Once  anes¬ 
thesia  was  satisfactory,  the  rats  were’  intubated  with 
an  endotracheal  tube,  which  was  then  connected  to  a 
small  animal  ventilator.  Then,  the  rats  were  placed  in  a  39 
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prone  position.  Under  sterile  conditions,  an  incision 
was  made  in  the  midline  from  thoracic  vertebra  8  to 
lumbar  vertebra  3.  As  the  current  experiments  were 
designed  to  use  the  intercostal  nerves  on  either  the 
left  or  right  sides,  the  incision  was  extended  to  the  left 
(5  rats)  and  right  (5  rats)  at  the  thoracic  12  level.  This 
was  done  at  a  left  or  right  angle  to  the  midline  (Fig.  1), 
In  this  way,  a  "T  or  'V  type  incision  was  made. 

The  operation  was  then  continued  under  the  op¬ 
erating  microscope.  The  paraspinal  muscles  were 
transacted  at  the  thoracic  12  level  and  were  also  dis¬ 
sected  away  from  the  T8  through  L2  lamina.  A  lami¬ 
nectomy  was  done  between  T8  and  L2.  This  was  car¬ 
ried  out  with  both  a  mini-drill  and  a  small  rongeur, 
intercostal  muscles  were  then  incised  along  the  ribs. 
Care  was  taken  to  maintain  the  pleura  and  not  to  enter 
the  thoracic  cavity.  The  intercostal  nerves  of  thoracic  9 
to  12  on  the  right  side  (in  5  rats)  or  left  side  (in  5  rats) 
were  carefully  separated  one  by  one,  using  micro¬ 
tweezers  and  scissors.  The  length  of  the  intercostal 
nerves  needed  for  the  anastomosis  depended  on  the 


distance  between  the  outlets  of  the  intercostal  nerves 
and  the  ventral  roots  of  the  lower-extremity  nerves. 
The  intercostal  nerves  at  the  T9  and  T10  levels  were 
sectioned  distal  to  the  lateral  cutaneous  branch,  and 
those  at  Til  and  T12  were  sectioned  proximal  to  the 
lateral  cutaneous  branch.  After  ail  four  intercostal 
nerves  had  been  isolated,  they  were  then  tunneled 
under  the  paraspinal  muscles,  and  the  soft  tissues 
were  closed. 

The  dura  at  the  level  of  LI  and  L2  was  opened  at 
the  midline.  At  the  upper  and  lower  ends  of  the  open¬ 
ing,  the  dura  was  cut  at  a  90°  angle,  so  an  incision 
shaped  as  "I"  was  made.  The  sciatic  and  femoral 
nerves  of  the  rat  receive  input  from  the  spinal  cord 
segments  of  lumbar  3  to  6  via  their  ventral  and  some 
posterior  roots.12  Dissections  prior  to  these  experi¬ 
ments  showed  that  the  nerve  roots  of  L3  to  L6  were 
approachable  at  an  L-l  to  L-2  intraspinal  level.  The 
exposed  spinal  cord  was  gently  rotated  with  a  moist¬ 
ened  cotton-tipped  applicator.  The  left  ventral  roots  of 
L3  to  L6  were  identified,  and  cut  with  a  pair  of  micro- 


Figure  1.  Schematic  illustration  depicts  the  method  of  connecting  the  intercostal  nerves  to  the  distal 
ventral  roots  leading  to  the  sciatic  and  femoral  nerves  of  the  rat.  A,  Left  intercostal  nerves  were  connected  to  the 
left  cauda  equina  distal  ventral  roots.  B,  Right  intercostal  nerves  were  connected  to  the  left  cauda  equina  distal 
40  ventral  roots. 
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scissors  below  the  transition  region  (TR)  of  the  central 
and  peripheral  nervous  system.13  A  collagen  tube  1.5 
mm  in  diameter  and  12  mm  in  length  (product  of 
Colla-Tec,  Inc.)  was  fixed  with  a  6-0  nylon  suture  to  the 
ligament  of  the  serratus  dorsalis  muscle.  The  position 
of  the  tube  was  between  the  upper  end  of  L-l  and 
lower  end  of  L-2  vertebrae.  All  the  previously  sepa¬ 
rated  intercostal  nerves  and  the  dissected  left  L3  to  L6 
roots  were  trimmed  at  their  ends,  and  carefully  placed 
inside  the  tube  with  microtweezers  through  the  open¬ 
ings  at  both  ends  of  the  tube. 

The  intercostal  nerves  and  the  ventral  roots  were 
adjusted,  so  that  their  ends  were  in  contact.  The  inter¬ 
costal  nerves  and  ventral  roots  were  fixed  to  either 
side  of  the  tube  with  a  9-0  suture  and  to  the  muscles 
and  ligaments  beside  the  vertebrae  (Fig.  2).  Entubula- 
tion  of  the  intercostal  nerve  and  distal  nerve  roots 
prevented  effective  regeneration  of  axons  from  the 
transected  proximal  lumbar  roots  into  the  distal  lum¬ 
bar  roots.  The  dural  defect  was  then  covered  with  a 
piece  of  subcutaneous  fat.  The  superficial  back  mus¬ 
cles  were  closed  with  4-0  chromic  gut  and  the  skin 
with  5-0  Mersilene  sutures.  Each  animal  was  given  a 
0.5  ml  subcutaneous  injection  of  penicillin  G  and  was 
kept  in  a  warm  room  for  2  days,  then  returned  to  the 
routine  animal  care  room  in  its  cage. 

Electrophysiologic  Examinations.  Twelve 
months  after  the  operation,  the  animals  were  anes¬ 
thetized  with  an  injection  of  ketamine  (40  mg/kg)  in- 
traperitoneally.  An  incision  was  made  at  the  mid-thigh 
level  on  the  left  side  using  the  operating  microscope. 
Hamstring  muscles  were  retracted  to  expose  the  scia¬ 
tic  complex.  For  nerve  action  potential  (NAP)  record¬ 
ing,  the  stimulating  electrodes  were  bipolar  platinum 
wire  electrodes  placed  on  the  sciatic  nerve.  NAPs  were 
recorded  from  the  T9  toT12  intercostal  nerves  by  using 
a  bipolar  platinum  wire  electrode.  The  distance  be¬ 
tween  each  of  the  bipolar  electrodes  was  0.5  cm.  A 
ground  electrode  was  placed  in  the  rat's  tail.  Muscle 
action  potentials  (MAPs)  were  recorded  from  the  mus¬ 
cles  of  legs  of  the  rats  by  stimulation  of  the  T9  to  T12 
intercostal  nerves  with  bipolar  platinum  wire  elec¬ 
trodes.  Recording  electrodes  were  two  stainless  steel 
needles  inserted  into  the  more  distal  leg  muscles.  The 
distance  between  the  two  sets  of  electrodes  was  5  cm. 

A  similar  electrode  was  placed  subcutaneously  in  the 
neck  and  was  used  as  a  ground  electrode.  Either  a 
TECA  TD20  electrophysiologic  scope  or  a  Gould  400 
digital  storage  oscilloscope  was  used  for  recording. 
Stimulus  was  a  square  electric  pulse;  its  duration  was 
0.05  ms  and  its  intensity  was  5  to  7  volts.  At  a  band¬ 
width  of  20  to  2000  Hz,  NAP  and  MAP  responses  were 
recorded  and  replicated  on  the  scope’s  X-Y  plotter. 
While  recording,  the  rectal  temperature  was  main¬ 
tained  at  38°C  by  a  heating  pad 

Neuroanatomic  and  Histologic  Studies.  In  the 
rats  used  for  neuroanatomic  studies,  a  fast  blue  (FB) 
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Figure  2.  Schematic  illustration  of  repair  of  intercos¬ 
tal  nerves  to  the  distal  ventral  roots. 


solution  (5  mg  in  100  jxl  distilled  water)  was  applied, 
according  to  the  method  of  Aschoff  and  Hollander. 14 15 
The  fast  blue  solution  was  drawn  into  a  small  con¬ 
tainer  made  from  a  plastic  tube.  The  sciatic  nerve  was 
freshly  cut  just  proximal  to  its  division  into  the  per¬ 
oneal.  posterior  tibial,  and  sural  nerves,  and  imme¬ 
diately  placed  into  the  fast  blue  solution.  Nerve  and 
container  were  carefully  sealed  away  from  surround¬ 
ing  tissues  by  bone  wax,  which  was  softened  by  min¬ 
eral  oil.  The  nerve  remained  immersed  in  the  solution 
for  90  min  and  was  then  removed.  After  FB  applica¬ 
tion,  the  wounds  were  closed  and  the  animals  allowed 
to  survive  72  to  96  hr.  Then,  the  rats  were  anesthetized 
with  pentobarbital  and  transcardially  perfused  for  3  to 
5  min  with  saline  (pH  7.2),  followed  by  8  percent 
paraformaldehyde  (pH  5.6)  for  5  to  10  min. 

The  thoracic  spinal  cord  extending  from  T9  to  T12 
was  then  removed  and  placed  at  4°C  in  a  fixative 
containing  30  percent  sucrose.  The  spinal  cords  were 
cut  12  hr  later  in  serial  transverse  sections  on  a  freez¬ 
ing  microtome.  Sections  were  mounted  on  glass  slides 
for  study  of  the  spinal  neurons  under  a  fluorescent 
microscope.  For  the  histologic  studies,  the  rats  were 
also  perfused  as  above.  The  T9  to  TI2  intercostal 
nerves,  L3  to  L6  distal  ventral  roots,  and  sciatic  nerve 
were  removed,  and  kept  in  2.5  percent  glutaraidehyde 
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and  I  percent  paraformaldehyde  for  24  hr.  Postfixation 
was  by  1  percent  osmium  tetroxide.  Tissue  samples 
were  then  dehydrated  with  alcohol.  Each  nerve  (or 
root)  was  embedded  in  100  percent  Epon  and  sec¬ 
tioned  transversely  with  an  ultramicrotome  for  light  or 
electron  microscopy.  Semi-thin  sections  were  stained 
with  toluidine  blue  and  basic  fuchsin  for  light  micro¬ 
scopy.  The  thin  sections  were  stained  with  uranyl  ace¬ 
tate  and  lead  citrate,  and  examined  using  a  2168  Ultra- 
stainer  Carlsberg  System  (LKB  Bromma). 


RESULTS 


The  left  lower  extremity  was  completely  paralyzed 
following  operation.  The  rats  could  move  around  with 
their  forelegs  and  right  hind  legs,  but  they  dragged 
their  left  hind  legs  along.  Respiratory  function  did  not 


show  any  noticeable  changes  and  urination  recovered 
within  a  day.  Surgery  did  not  obviously  affect  the 
growth  of  the  rats;  their  weight  had  increased  to  about 
500  g  when  they  were  weighed  12  months  later.  The 
muscles  on  the  left  hind  leg  of  some  rats  showed 
moderate  atrophy.  Three  rats  died  during  the  12- 
month  period  of  study.  Reasons  for  death  were  not 
entirely  clear,  but  were  probably  pulmonary  in  origin. 
About  6  months  later,  the  left  lower  extremity  of  some 
rats  could  move  with  respiration,  and  most  rats  could 
lift  and  walk  with  their  left  hind  legs,  although  with 
quite  a  limp  by  9  months  after  operation. 

NAPs  were  recorded  12  months  postoperatively. 
Most  rats  showed  good  responses  (Fig.  3A).  MAPs 
could  be  recorded  from  both  flexor  and  extensor  mus¬ 
cles  of  the  thigh  and  lower  legs.  These  MAP  responses 
were  surprisingly  good  ( Fig.  3 B) ;  conduction  velocities 
and  amplitudes  were  close  to  those  of  normal  controls. 
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Figure  4.  A,  Photomicrograph  of  a  transverse  section  of  junctional  area  demonstrating  the  presence  of 
regenerating  nerve  fibers  in  a  rat  sacrificed  12  months  postoperatively.  Regenerated  nerve  fibers  are  intermixed 
with  degenerated  fibers  (magnification  xl25).  B,  Photomicrograph  of  a  transverse  section  of  a  distal  ventral  root 
showing  extensive  regeneration  of  intercostal  nerve  fibers  into  the  nerve  root  (magnification  x!25;  bar  length  = 
40  fim}.  C,  Photomicrograph  of  a  transverse  section  of  sciatic  nerve.  Regenerated  fibers  are  intermixed  with 
intact  sensory  fibers  (magnification  xl25). 


Figure  4  presents  the  histologic  results  from  both 
peripheral  nerves  and  cauda  equina  roots  involved  in 
the  regenerative  process.  Extensive  regeneration  of 
nerve  fibers  can  be  seen  originating  from  the  intercos¬ 
tal  nerves  attached  to  the  lower-extremity  nerves. 
Electron  microscopy  indicated  that  distal  to  the  junc¬ 
tion  of  the  intercostal  nerves  and  lumbar  3  to  6  ventral 
roots,  many  regenerative  nerve  fibers  were  present. 
Myelinization  was  moderately  mature  (Fig.  5). 

Results  with  fast-blue  tracing  showed  that  many 
neurons  in  the  ventral  horns  of  the  thoracic  spinal 
cord,  extending  from  T9  to  TI2,  contained  fluorescent 
materials.  It  is  presumed  that  these  neurons  contrib¬ 
ute  to  the  reconstructed  sciatic  nerve.  Figure  6  is  a 
microphotograph  taken  from  the  ventral  horn  of  the 
thoracic  spinal  cord  of  a  rat  at  a  T10  to  Til  level.  This 
provided  evidence  that  the  nerve  fibers  in  the  recon¬ 
structed  sciatic  nerve  were  anatomically  connected  to 
these  neurons. 


DISCUSSION 


Studies  of  the  plasticity  of  the  nervous  system 
have  been  conducted  on  a  wide  range  of  species.  The 
central  nervous  system  has  the  capacity  of  adapting  to 
severe  changes  in  the  arrangement  of  its  outputs  and 
inputs  through  the  cross-anastomosis  of  peripheral 
nerves. IC^2!  Intercostal  nerves  have  been  used  to  neuroti- 


cize  patients  with  otherwise  irreparable  stretch  injuries 
to  the  brachial  plexus, 1‘3J_M 22  23  and  the  bladder.24 

The  intercostal  nerves,  especially  the  upper  ones, 
are  distant  from  the  sciatic  nerve  and  femoral  nerve  in 
the  thigh.  The  current  study  showed,  however,  that  it  is 
possible  to  connect  the  lower  intercostal  nerves  to 
sciatic  and  femoral  nerve  outflow,  by  anastomosing 
them  to  the  ventral  roots  of  the  cauda  equina.  By  1 
year  postoperatively,  there  was  regeneration  of  nerve 


Figure  5.  A,  Electron  micrograph  of  a  portion  of  re¬ 
innervated  ventral  root  12  months  postoperatively  illus¬ 
trating  that  the  regenerated  nerve  fibers  show  normal  con¬ 
figuration.  Arrows  =  collagen;  S  =  Schwann  cell;  M  = 
myelinization  of  axons  (magnification  x30000). 
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Figure  6.  Microphotograph  of  the  neurons  in  the  an¬ 
terior  horn  between  the  T10  to  Tl  l-level  spinal  cord  marked 
by  fast  blue  (FBI  technique.  The  dye  migrated  from  the 
proximal  sciatic  nerve,  through  the  repair  site,  and  then  up 
the  intercostal  nerve(s)  to  the  spinal  cord. 


fibers  through  the  anastomosis  and  into  more  distal 
nerves.  There  was  also  some  reversal  of  paralysis  in 
the  lower  extremity  of  these  rats.  Such  a  technique, 
which  connects  the  intercostal  nerves  to  ventral  lum¬ 
bar  roots,  seems  worthy  of  further  study. 

Mismatching  of  motor  and  sensory  fibers  from 
donor  nerves  with  their  pathways  to  recipient  nerves 
leads  to  minimized  useful  functions.2526  For  some 
mixed  nerves,  it  has  been  assumed  that  only  10  per¬ 
cent  (0.1)  of  the  fibers  are  motor.  The  matching  proba¬ 
bility  for  the  connection  of  motor  fibers  in  two  such 
mixed  nerves  is  0.01  ( p  =  0.1  x  0.1  =  0.01). 26  In  the 
current  study,  the  intercostal  nerves  contain  only  10  to 
20  percent  of  motor  nerve  fibers26;  on  the  other  hand, 
the  ventral  roots  have  100  percent  motor  fibers.  Thus, 
the  matching  possibility  for  motor  nerve  fibers  is,  at 
most,  10  to  20  percent.  As  a  result,  anastomosis  of  the 
intercostal  nerves  to  ventral  roots  has  a  higher  match¬ 
ing  possibility  for  motor  fibers  than  the  connection  of 
intercostal  nerves  with  mixed  nerves,  such  as  ele¬ 
ments  of  the  brachial  plexus. 

The  motor  elements  of  the  lower  intercostal  nerves 
innervate  several  thoracic  and  abdominal  muscles, 
such  as  the  musculus  intercostales  externi  and  in- 
terni,  musculus  rectus  abdominis,  musculus  obliquus 
internus  abdominis,  musculus  transversus  abdominis, 
and  musculus  obliquus  externus  abdominis.  These 
lower  intercostal  nerves  were  considered  as  suitable 
donors,  since  they  can  provide  at  least  two  different 
muscle  functions.26  Narakas  has  indicated  that  a  few 
hundred  axons  seem  to  be  sufficient  to  reinnervate 


efficiently  a  poorly  differentiated  muscle  like  the  bi¬ 
ceps,  but  thousands  are  needed  to  restore  the  delicate 
balance  of  the  small  intrinsic  muscles  of  the  hand  and 
to  give  them  tactile  gnosis.1  Muscular  activity  of  the 
lower  extremity  is  much  less  delicate  than  that  of  the 
upper  extremity.  In  addition,  the  technique  used  in 
the  current  study  provides  a  higher  matching  possi¬ 
bility  for  motor  fibers.  Evidence  has  shown  that  the 
lower  intercostal  nerves  can  provide  more  motor 
nerve  fibers  than  the  upper  intercostal  nerves.  Plon- 
card  and  Samardzic  et  al.  have  indicated  that  an  inter¬ 
costal  nerve  in  the  human  contains  about  500  to  700 
motor  nerve  fibers,4  22  but  results  from  Schalow  et  al. 
suggest  that  this  number  is  closer  to  1000  to  2000. 26 
The  differences  between  the  two  studies  arise  because 
the  former  used  upper  intercostal  nerves  in  their 
study,  while  the  latter  examined  lower  intercostal 
nerves. 

The  distance  required  for  intercostal  nerves  to 
reach  ventral  roots,  either  ipsilateral  or  contralateral, 
is  comparable.  Thus,  some  reconnection  to  lower- 
extremity  nerves  can  be  achieved,  using  contralateral 
intercostal  nerves.  This  would  be  useful  when  the 
ipsilateral  intercostal  nerves  are  dysfunctional,  be¬ 
cause  of  more  proximal  and  unilateral  spinal  cord  or 


of  ipsilateral  intercostal  nerves  because  of  more  proximal 
spinal  cord  or  contralateral  cerebral  injury.  The  contra¬ 
lateral  intercostal  nerves  might  be  used  to  neuroticize 
lower-extremity  nerves  in  such  cases. 
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contralateral  cerebral  injury.  Under  such  circumstances, 
contralateral  intercostal  nerves  could  be  used  to  neu- 
roticize  lower-extremity  nerves  (Fig.  7).  A  suitable 
length  of  lower  intercostal  nerves  can  be  directly  at¬ 
tached  to  the  cauda  equina  roots.  This  kind  of  grafting 
might  be  useful,  if  the  intercostal  nerves  were  used  to 
bypass  a  distal  spinal  cord  injury,  cauda  equina  injury, 
or  irreparable  injuries  to  the  pelvic  plexus. 

The  current  study  was  conducted  on  a  lower  ani¬ 
mal,  the  rat,  which  is  quite  different  from  the  human. 
Further  studies  need  to  be  done  on  higher  animals, 
such  as  the  primate,  before  this  technique  can  be 
applied  to  humans.  To  our  knowledge,  loss  of  lower 
intercostal  function  did  not  adversely  affect  abdominal- 
wall  function  in  the  rat.  Nevertheless,  this  may  be  a 
more  serious  complications  in  higher  animals  or  in 
humans. 
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background.  Gabapentin  is  a  new  anticonvulsant  that  has  been  used  in  the  treatment 
of  neuropathic  pain.  Anecdotal  reports  from  patients  who  have  been  treated  with 
gabapentin  suggest  that  the  range  of  efficacy  in  the  management  of  pain  may  extend 
beyond  neuropathic  pain  syndromes.  The  purpose  of  this  study  was  to  determine  the 
effect  of  gabapentin  on  pain  thresholds  in  rats  with  pain  generated  by  infection-induced 
inflammation  in  an  attempt  to  delineate  the  limits  of  gabapentin's  role  in  producing 
analgesia. 

Methods.  The  effect  of  gabapentin  on  pain  induced  by  inflammation  was  studied  in 
albino  rats  using  paw  withdrawal  latencies,  tail-flick,  and  hotplate  techniques.  Following 
baseline  threshold  determinations,  a  subcutaneous  injection  of  complete  Freund's 
adjuvant  (CFA)  was  administered  into  one  volar  forepaw.  Withdrawal  latencies  were 
determined  following  subcutaneous  administration  of  gabapentin,  carbamazepine, 
ibuprofen,  morphine,  or  saline. 

Results.  In  contrast  to  its  previously  described  efficacy  in  altering  pain  thresholds  in 
the  chronic  constriction  injury  and  formalin  injection  models  of  neuropathic  pain  and  its 
anti-allodynic  effect  following  nerve  root  ligation,  gabapentin  has  no  effect  on  paw 

withdrawal  latencies  associated  with  CFA-induced  inflammation  or  on  baseline  hotplate 
or  tail-flick  response. 
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Conclusions.  Gabapentin  has  no  effect  on  pain  initiated  by  CFA-induced 
inflammation.  Gabapentm's  effect  in  the  treatment  of  neuropathic  pain  may  be 
mediated  through  modulation  of  peripheral  mechanisms  related  to  the  altered  function 
of  ion  channels  in  damaged  neurons.  Such  a  mechanism  suggests  that  improved 
nociceptive  pain  in  clinical  reports  may  have  an  underlying  neuropathic  component  that 
is  reduced  by  gabapentin. 


Keywords:  Gabapentin,  neuropathic  pain,  inflammatory  pain,  analgesia 
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Anitconvulsant  medications  have  frequently  been  used  to  treat  neuropathic  pain 
syndromes  such  as  trigeminal  neuralgia,  post-herpetic  neuralgia,  and  diabetic 
polyneuropathy (1 7i  42’ 46  70).  Gabapentin  is  a  new  anticonvulsant  medication  that  has 
been  released  for  use  as  add-on  therapy  in  the  treatment  of  refractory  complex  partial 
seizures.  Because  of  its  favorable  side-effect  profile  (4  49  56>,  gabapentin  has  been  tried 
and  rapidly  accepted  by  pain  management  specialists  as  an  effective  option  for  the 
treatment  of  many  intractable  neuropathic  pain  syndromes  <1748'59>.  |n  our  clinical 
experience,  anecdotal  reports  from  patients  who  have  been  treated  with  gabapentin  for 
neuropathic  pain  suggest  that  the  range  of  efficacy  for  gabapentin  in  the  management 
of  pain  may  extend  beyond  neuropathic  pain  syndromes.  These  patients  report 

improvement  in  joint  pain  associated  with  arthritis  and  improvement  in  chronic  low  back 
pain. 

Although  gabapentin  has  been  studied  extensively (7Z73),  its  exact  mechanism  of 
action  in  general  and  its  specific  role  in  reducing  the  pain  remains  unknown.  Recent 
studies  in  animals  have  shown  that  gabapentin  reduces  the  pain  thresholds  in  the 
chronic  constriction  injury  (CCI) (3)  and  the  nerve  root  ligature  (Chung  model) (36)  models 
of  neuropathic  pain  (32'8788)  and  in  the  late-phase  response  of  the  formalin-induced 
inflammatory  pain  (22i81)  model (65).  The  purpose  of  this  study  was  to  determine  the 
effect  of  gabapentin  on  pain  thresholds  in  rats  with  pain  generated  by  infection-induced 
inflammation  in  an  attempt  to  delineate  the  limits  of  gabapentin’s  role  in  producing 
analgesia.  The  results  of  this  study  provide  a  basis  for  comparison  of  gabapentin's 
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effect  on  pain  thresholds  that  have  been  produced  by  different  initiating  mechanisms  in 
the  hope  of  identifying  potential  sites  of  action  for  this  drug.  Some  of  these  results 
have  been  reported  elsewhere (21). 
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METHODS 

Pain  responses  were  measured  in  albino  Sprague-Dawley  rats.  The  latency  to 
paw  withdrawal,  to  tail-flick,  and  to  hotplate  aversion  were  the  determinants  of  pain 
threshold.  Paw  withdrawal  latency  was  measured  according  to  the  protocol  of 
Hargreaves  et  al. (26).  Rats  weighing  between  250-350  g  were  housed  2  animals  to  a 
cage.  For  testing  the  rats  were  placed  in  plexiglass  chambers  on  a  glass  plate  and 
were  allowed  to  acclimate  to  their  surroundings  for  a  minimum  of  5  minutes.  The 
animals  were  allowed  free  range  of  activity  within  the  chamber.  The  glabrous  surface 
of  each  of  the  paws  was  stimulated  in  succession  through  the  glass  plate  using  a 
halogen  heat  source.  The  latency  of  paw  withdrawal  from  the  onset  of  stimulation  was 
measured  automatically  using  an  IITC  analgesiometer  (IITC  Life  Science,  Inc., 
Woodland  Hills,  CA).  The  stimulus  was  automatically  discontinued  after  10.7  seconds 
to  avoid  tissue  damage.  Each  paw  was  stimulated  4  times  during  each  testing  session. 
Baseline  pain  thresholds  were  determined  in  3  separate  testing  sessions  on  3  separate 
days.  Tail-flick  latency  was  measured  in  a  group  of  12  rats.  Morphine  sulfate  (10 
mg/kg),  ibuprofen  (40  mg/kg)  or  gabapentin  (40  mg/kg)  was  administered 
subcutaneously  to  each  rat.  The  order  of  drug  administration  was  randomized  with  at 
least  4  days  between  drugs.  Baseline  latency  was  measured  immediately  before  and 
at  1 5,  30,  60,  90,  and  1 20  minutes  after  administration  of  drug.  For  the  tail-flick  test, 
the  stimulus  was  discontinued  after  12  seconds  to  avoid  tissue  damage.  The  same  12 
rats  were  tested  for  hotplate  analgesia  immediately  before  and  45  minutes  after  drug 
administration.  The  rats  were  placed  on  the  hotplate  surface  that  was  set  at  52 °C.  The 
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rats  were  removed  from  the  hotplate  surface  when  they  licked  a  hindpaw,  jumped,  or  if 
they  did  not  respond  after  30  seconds.  The  time  from  stimulus  onset  to  removal  from 
the  hotplate  was  recorded. 

Following  baseline  threshold  determinations  for  paw  withdrawal  latency,  the  rats 
were  anesthetized  with  a  combination  of  ketamine  (60  mg/kg)  and  xylazine  (8  mg/kg). 
One  forepaw  of  each  rat  received  a  subcutaneous  injection  of  0.25  ml  of  complete 
Freund’s  adjuvant  (CFA;  Mycobacterium  tuberculosis ;  Sigma)  suspended  in  an 
oil:saline  (1:1)  emulsion  (0.5  mg  Mycobacterium/ ml  emulsion)  using  a  sterile  tuberculin 
syringe.  The  rats  were  then  weighed  and  allowed  to  recover  from  anesthesia.  Pain 
thresholds  were  measured  on  5  separate  days  during  the  week  following  CFA  injection. 
Either  gabapentin  (20-160  mg/kg)  or  normal  saline  was  administered  by  subcutaneous 
injection  1  hour  prior  to  each  testing  session.  Ibuprofen  (100  mg/kg)  was  given  as  a 
positive  treatment  control.  Carbamazepine  (40  mg/kg)  was  used  as  a  negative 
treatment  control. 

To  confirm  that  the  route  of  administration  and  drug  absorption  was  adequate  to 
produce  a  response,  2  groups  of  1 1  rats  were  subjected  to  subcutaneous  injections  of 
5%  formalin  in  isotonic  saline  into  the  plantar  surface  of  one  hindpaw  30  minutes  after 
receiving  a  subcutaneous  injection  of  either  gabapentin  (160  mg/kg)  or  normal  saline. 
Time  spent  in  licking,  lifting,  and  biting  the  injected  paw  was  monitored  for  90  minutes 
following  the  formalin  injection  and  recorded  at  5  minute  intervals. 


RESULTS 
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Baseline  withdrawal  latencies  were  determined  in  all  rats  on  3  separate 
occasions  after  2  days  of  environmental  acclimation  and  prior  to  experimental 
intervention.  Paw  withdrawal  latencies  ranged  between  4-7  seconds.  Figure  1 
compares  the  mean  baseline  withdrawal  latencies  for  forepaws  and  hindpaws.  The 
latency  of  forepaw  withdrawal  was  shorter  (mean=5.05-5.12  sec.)  than  for  hindpaw 
withdrawal  (mean=5.56-5.77  sec.).  There  was  no  significant  difference  in  withdrawal 
latencies  between  sides  of  the  body.  After  CFA  injection,  the  inflamed  paw  showed 
edema  and  erythema  that  involved  the  entire  paw  and  frequently  extended  to  the 
proximal  forelimb.  Behaviorally,  the  rats  demonstrated  reduced  activity.  There  was 
significant  guarding  of  the  injected  paw  that  was  infrequently  placed  on  the  floor  of  the 
cage  or  testing  chamber.  The  withdrawal  latency  for  the  injected  paw  on  the  day 
following  CFA  injection  decreased  to  between  0.5-1. 5  sec.  with  little  change  in  the 
latency  of  the  non-injected  paws  (Fig.  2).  After  the  withdrawal  latency  was  determined 
on  2  separate  occasions,  control  injections  of  normal  saline  were  administered  prior  to 
determining  withdrawal  latencies.  A  gradual  and  progressive  increase  in  withdrawal 
latency  of  the  injected  paw  continued  but  never  returned  to  baseline  levels  of  the  non- 
injected  paws  during  the  period  of  study.  Changes  in  the  withdrawal  latencies  in  the 

non-injected  paws  of  the  saline-treated  controls  were  not  significantly  different  from 
baseline. 

The  subcutaneous  administration  of  gabapentin  at  40  mg/kg  had  no  effect  on  the 
physical  appearance  of  the  inflammatory  response.  Edema  and  erythema  remained 
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unchanged.  In  addition,  Figure  3  shows  that  the  latencies  of  paw  withdrawal  to  thermal 
stimulation  in  the  gabapentin-treated  rats  were  virtually  identical  to  those  of  saline 
treated  controls.  Any  difference  between  the  gabapentin-treated  group  of  rats  and 
controls,  although  statistically  significant  was  extremely  small  and  was  consistently  of 
similar  magnitude  and  in  similar  relationship  to  the  control  group  for  all  days  tested. 

This  response  was  seen  for  each  of  the  paws.  The  lack  of  analgesic  effect  with 
gabapentin  was  unrelated  to  the  dose  of  gabapentin  used  in  doses  ranging  between  20 
mg/kg  and  160  mg/kg  (Fig.  4).  Indeed,  minimal  differences  between  treated  animals 
and  controls  were  greater  at  doses  of  20  mg/kg  and  40  mg/kg  than  at  doses  of  80 
mg/kg  and  160  mg/kg  and  were  more  likely  related  to  group  differences  than  to  a  dose- 
response  relationship.  The  effect  of  gabapentin  on  the  inflammatory  pain  threshold 
was  not  significantly  different  when  compared  to  the  effect  of  ibuprofen  depicted  in 
Figure  4  or  carbamazepine  (40  mg/kg)  depicted  in  Figure  5. 

The  effects  of  gabapentin,  ibuprofen,  and  morphine  in  the  tail-flick  and  hotplate 
tests  are  illustrated  in  Figures  6  and  7.  Typically,  the  tail-flick  and  hotplate  tests  are 
sensitive  to  high-efficacy  analgesics  but  insensitive  to  antiinflammatory  drugs. 

Morphine  produced  a  significant  increase  in  tail-flick  and  hotplate  latency  whereas 
gabapentin  and  ibuprofen  were  virtually  indistinguishable  from  baseline  latencies. 

In  light  of  the  negative  response  to  gabapentin  observed  following  the  CFA 
injections  and  in  the  tail-flick  and  hotplate  tests,  the  efficacy  of  our  sample  of 
gabapentin  was  subjected  to  formalin  testing.  Figure  8  depicts  our  data  as  depicted  by 
Singh  et  al. 65,  separating  phase  I  (0-10  minutes)  and  phase  II  (10-90  minutes)  and 
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shows  that  gabapentin  produces  a  significant  decrease  in  aversive  behavior  during 
phase  II  of  the  formalin  test.  The  reduction  in  the  phase  II  response  is  consistent  with 
what  would  be  predicted  from  Singh  et  al. 65  Figure  9  depicts  the  data  in  an  expanded 
format  to  show  in  addition  that  gabapentin’s  effect  in  phase  II  occurs  primarily  between 
40  and  80  minutes  after  the  formalin  injection.  It  should  be  noted  that  10  of  the  1 1 
gabapentin-treated  rats  fell  asleep,  whereas  only  2  of  the  1 1  saline-treated  rats  slept 
during  phase  II  of  the  formalin  test.  The  data  from  rats  sleeping  more  than  50%  of 
phase  II  (1  rat  from  each  group)  were  not  used  in  the  statistical  analysis.  The 
observation  that  a  greater  percentage  of  the  gabapentin-treated  rats  were  able  to  sleep 
than  the  saline-treated  controls,  suggests  that  gabapentin  has  either  a  strong 
antinociceptive  or  anxiolytic  effect  during  phase  II  of  the  formalin  test. 
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DISCUSSION 

The  results  of  this  study  show  that  gabapentin  had  little,  if  any,  effect  on  pain 
responses  associated  with  CFA-induced  inflammation.  In  addition,  there  was  no  effect 
on  baseline  pain  thresholds  as  measured  by  the  tail-flick  or  hotplate  test.  These 
observations  are  consistent  with  the  lack  of  response  seen  following  carrageenan- 
induced  paw  edema  (65)  but  is  in  contrast  with  the  results  of  studies  in  which  gabapentin 
increased  pain  thresholds  in  animals  where  pain  was  initiated  either  by  loose  ligature  of 
a  peripheral  nerve <87,88)  or  nerve  root <32)  or  by  subcutaneous  injections  of  formalin  (65). 
The  difference  in  response  suggests  that  the  mechanism  of  injury  in  both  the  CCI  and 
Chung  models  and  the  formalin  injection  model  alters  neuronal  function  in  a  fashion 
unlike  CFA-induced  inflammation  that  allows  gabapentin  to  have  an  effect. 

Although  each  of  the  experimental  models  being  considered  has  a  component  of 
inflammation  associated  with  tissue  damage  in  its  implementation,  only  the  CFA 
injection  model  is  likely  to  maintain  the  integrity  of  nociceptive  neurons.  Inflammation 
produced  by  infectious  mechansims  augments  the  activity  of  peripheral  neurons  by 
reducing  the  threshold  to  firing  of  nociceptive  neuronal  elements.  Chemoactive  agents 
such  as  bradykinin,  prostaglandins,  leukotrienes,  serotonin,  adenosine  and  histamine 
that  are  released  during  the  inflammatory  response  have  been  shown  to  reduce 
nociceptor  and  axonal  firing  thresholds  without  altering  neuronal  morphology  (40, 55, 75, 82). 
These  substances  are  released  in  high  concentrations  in  response  to  infection  and 
local  irritation.  The  release  of  inflammatory  mediators  has  been  thought  to  be 


potentiated  in  conditions  of  neutrophilic  proliferation  and  reduced  pH  (7>25'75)  and 
through  the  activity  of  the  sympathetic  nervous  system  (6, 8> 37, 44, 52, ^ 60' 61  • 64' 75. 77 •  7®)  |n 
the  formalin  test,  the  initial  irritation  produced  by  subcutaneous  injections  of  formalin 
with  the  subsequent  release  of  chemoactive  agents  is  of  an  inflammatory  nature  and  is 
associated  with  rapidly  increasing  formalin  concentrations  in  surrounding  tissue  during 
diffusion.  Unlike  the  CFA-induced  inflammation,  the  initial  inflammatory  effect  in  the 
formalin  test  is  short-lived  because  the  rapid  penetration  of  formalin  ultimately  destroys 
surrounding  tissues  including  the  terminal  elements  of  peripheral  nerves,  thus  adding  a 
neuropathic  component  to  the  pain  elicited  by  formalin  injection.  Since  the  features  of 
inflammation  are  likely  to  be  present  to  varying  degrees  in  each  of  the  experimental 
models  and  the  associated  pain  is  refractory  to  treatment  with  gabapentin,  it  is  unlikely 
that  gabapentin  produces  its  effect  through  modulation  of  these  mechanisms. 

In  contrast,  CCI  produces  nerve  constriction  and  extensive  demyelination 
beneath  each  of  the  ligatures (3)  with  a  resulting  increase  in  the  spontaneous  action 
potential  activity  in  primary  afferent  fibers  <".24. 34. 67. so),  The  increase  in  spontaneous 
activity  has  been  related  to  alterations  in  ion  channel  function  (18’33’74).  Loss  of  myelin 
from  neuronal  membranes  due  to  injury  results  in  an  upregulation  of  sodium, 
potassium,  and  possibly  calcium  channels  in  the  expanded,  myelin-free  regions  or 
dorsal  root  ganglia  resulting  in  hypersensitivity  and  increased  firing  of  the  effected 
nerve  <5  "  12-14.35  s3-76  89)  Areas  of  neuronal  demyelination  are  also  potential  sites  for 
the  formation  of  ephaptic  connections  that  are  thought  to  be  involved  in  the  formation  of 
repetitive  stimulation  loops  within  the  area  of  injury  The  indirect  modulation 
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of  sodium  channels  has  been  proposed  as  one  of  the  possible  mechanisms  of  action 
for  gabapentin  (79)  and  may  be  the  source  of  gabapentin's  effect  in  the  CCI  model. 
Carbamazepine  is  known  to  function  through  the  reduction  of  central <42)  and  peripheral 
(28)  posttetanic  potentiation  as  well  as  through  voltage-dependent  sodium  channel 
blockade  (83).  Although  gabapentin  has  no  direct  effect  on  voltage-dependent  sodium 
channel  blockade  (71),  a  similar  increase  in  the  pain  threshold  if  produced  by 
carbamazepine  and  gabapentin  in  the  CCI  model,  although  only  suggestive,  would  be 
consistent  with  different  mechanisms  acting  through  a  common  site.  Indeed,  sodium 
channel  blockade  has  been  proposed  as  the  primary,  if  not  the  only,  mechanism 
through  which  neuropathic  analgesia  is  mediated  (31). 

Gabapentin  may  produce  its  effect  similarly  in  phase  II  of  the  formalin  test. 
Following  the  initial  local  irritation  and  release  of  inflammatory  mediators,  formalin 
produces  significant  local  tissue  destruction  altering  the  morphology  of  surrounding 
tissue  and  all  neural  elements  within  and  closely  adjacent  to  the  site  of  injury (9). 
Acutely,  formalin  acts  by  cross-linking  protein  molecules  and  altering  membrane 
permeability  in  adjacent  viable  membrane.  As  fixation  proceeds  during  phase  II  of  the 
formalin  test,  high  frequency  neuronal  firing  is  initiated  as  a  result  of  injury  potentials 
related  to  the  destruction  of  the  terminal  elements  of  all  afferent  neurons  and 
demyelination  of  the  distal  segments  of  the  A-(B  and  A-5  fibers.  The  effect  of 
gabapentin  on  the  phase  II  response  of  the  formalin  test  would  appear  to  be  mediated 
through  the  stabilization  of  hyperactive  membranes  in  injured  neuronal  tissue  perhaps 
in  part  through  the  modulation  of  altered  sodium  channel  activity.  During  tissue  repair, 
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1  regenerating,  hypersensitive  neuromas  and  viable  demyelinated  terminal  neuronal 
segments  with  high  sodium,  potassium,  and  possibly  calcium  channel  density  extend 
into  healing  tissue  and  are  more  exquisitely  sensitive  to  mechanical  and  thermal 
stimulation  and  to  the  influence  of  inflammatory  mediators  released  at  the  site  of  tissue 
injury  and  tissue  repair (7' 10 11-33'43'45  6175'77  78  86  91).  |n  light  of  the  effect  of  gabapentin 
6  on  pain  behaviors  in  the  CCI  and  Chung  models  and  in  phase  II  of  the  formalin  test, 
the  hypersensitive  membranes  found  in  injured  and  healing  neural  tissue  predictably 
may  be  responsive  to  treatment  with  gabapentin  through  the  modulation  of  one  or  more 
of  these  altered  channels (15). 

Since  the  increased  firing  of  central  pathways  acutely  is  likely  to  be  similar  in 
1 1  each  experimental  model,  it  would  seem  that  gabapentin’s  primary  influence  on 

reducing  pain  of  neuropathic  quality  is  most  likely  mediated  peripherally,  however,  it  is 
possible  that  gabapentin  mediates  its  effect  centrally.  CCI  is  known  to  alter  GABAergic 
modulation  of  spinal  dorsal  horn  neurons  that  produces  heat-hyperalgesia  (23' 39' 
Although  the  heat-hyperalgesia  is  exacerbated  by  bicucullin,  a  GABAA-receptor 
16  antagonist,  is  reduced  by  muscimol,  a  GABAA-receptor  agonist  <92,93),  and  is  relieved  by 
baclofen,  a  GABAB-receptor  agonist (66>92),  gabapentin  does  not  act  directly  through 
either  GABAa  or  GABAb  receptors  (1>32'57-69).  if  acting  through  GABAergic  mechanisms, 
gabapentin  is  more  likely  to  have  an  indirect  effect  on  this  central  mechanism  <88), 
perhaps  through  the  enhancement  of  GABA-mediated  inhibition  by  augmenting  GABA 
2 1  currents (38>  58),  enhancing  GABA  release (2a  M),  or  by  increasing  glutamic  acid 

decarboxylase  (GAD)  activity  and  the  rate  of  gamma-aminobutyric  acid  (GABA) 
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synthesis  <72, 73). 

Gabapentin  also  binds  to  neurons  in  areas  with  high  concentrations  of  glutamate 
synapses,  such  as  layers  I  and  II  of  neocortex,  the  dendritic  layers  of  the  hippocampus 
(CA1,  CA2,  and  CA3  subfields  and  the  dentate  gyrus),  and  the  molecular  layers  of  the 
cerebellum (27  69).  It  is  probable  that  neuronal  activity  in  these  areas  is  reduced  since 
each  of  the  proposed  mechanisms  for  gabapentin's  effect  have  been  to  enhance 
glutamate  degradation  by  increasing  glutamate  dehydrogenase  (GDH)  activity  and  by 
reducing  glutamate  synthesis  through  inhibiting  branched-chain  amino  acid 
aminotransferase  (BCAT)  activity  29. 30,  as.  41.54,72. 73,80  |n  the  absence  of  altering  the 
paw  withdrawal  threshold  in  the  injected  paws  (present  study),  it  is  possible  that 
gabapentin’s  effect  through  these  central  supraspinal  sites  may  reduce  the  cognitive 
and  emotional  contribution  to  nociception.  Our  observation  that  rats  were  able  to  sleep 
during  phase  II  of  the  formalin  test,  is  suggestive  of  some  alteration  in  perhaps  the 
more  subtle  affective  component  of  pain.  Furthermore,  Singh  et  al. (65)  have  recently 
shown  that  gabapentin  demonstrates  antinociceptive  and  anxiolytic  effects  that  are 
reverse(j  by  the  intracerebroventricular  administration  of  D-serine  that  is  mediated 
through  supraspinal  mechanisms  (32).  Additionally,  the  dorsal  horn  of  the  spinal  cord 
and  the  trigeminal  nuclei,  also  have  high  concentrations  of  glutamate  terminals  and 
could  well  be  a  site  for  gabapentin’s  indirect  modulation  of  glutamate  receptors  at  the 
glycine  binding  site  of  the  NMDA  receptor (2  65).  The  similar  augmentation  of  the 
afferent  signal  in  each  of  the  acute  pain  models  under  consideration,  however,  argues 
against  these  regions  as  a  unique  site  of  action.  Subsequent  changes  in  the  dorsal 
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horn  due  to  sprouting  and/or  loss  of  afferent  modulating  neurons  associated  with 
repetitive  stimulation  that  are  thought  to  contribute  to  the  development  of  hyperalgesia 
and  allodynia  in  neuropathic  pain,  could  also  explain  how  stimulation  of  even  a  few 
intact  peripheral  neurons  could  result  in  a  suprathreshold  influence  over  a  larger 
population  of  neurons  <39'8485>,  but  it  is  unlikely  that  these  mechanisms  play  a  significant 
role  at  such  early  stages  following  experimental  manipulation. 

In  conclusion,  gabapentin  has  been  shown  to  have  no  effect  on  pain  initiated  by 
CFA-induced  inflammation.  It  is  likely  that  gabapentin's  effect  in  the  treatment  of 
neuropathic  pain  is  mediated  through  modulation  of  peripheral  mechanisms  related  to 
the  altered  function  of  ion  channels  in  damaged  neurons.  Such  a  mechanism  suggests 
that  the  improved  nociceptive  pain  in  clinical  reports  may  have  an  underlying 
neuropathic  component  that  is  reduced  by  gabapentin  administration. 
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!  FIGURE  LEGENDS 

Figure  1.  The  consistent  relationship  between  baseline  forepaw  (circles)  and 
hindpaw  (squares)  withdrawal  latencies.  Paw  withdrawal  latencies  were  determined  for 
rats  (n=126)  as  described  in  METHODS. 

Figure  2.  Control  values  for  paw  withdrawal  before  and  after  CFA  injection. 

6  Rats  (n=1 5)  were  tested  for  paw  withdrawal  latency  before  CFA  injection.  After  CFA 
injection,  normal  saline  was  administered  subcutaneously  1  hour  prior  to  testing.  A 
dramatic  reduction  in  the  withdrawal  latency  is  noted  in  the  injected  paw  that  improves 
with  time  but  latencies  do  not  return  to  pre-injection  values.  Little  effect  is  noted  in  non- 
injected  paws. 

1 1  Figure  3.  Effect  of  gabapentin  on  paw  withdrawal  latencies.  Groups  of  rats 

received  gabapentin  (40  mg/kg)  (n=29)  or  normal  saline  (n=15)  subcutaneously  1  hour 
prior  to  testing.  The  responses  obtained  following  gabapentin  administration  are 
virtually  identical  to  those  obtained  following  normal  saline  administration. 

Figure  4.  Dose-response  curves  for  gabapentin.  Four  groups  of  rats  (n=12) 

16  were  given  gabapentin  subcutaneously  on  3  consecutive  days,  6  days  after  the 
injection  of  CFA  in  doses  ranging  from  20-160  mg/kg  1  hour  prior  to  testing. 

Responses  are  similar  to  those  of  saline  injected  controls.  No  clear  dose-response 
relationship  was  observed.  The  response  to  ibuprofen  (100  mg/kg)  (n=12)  was 
identical  to  that  following  gabapentin  administration. 

21  Figure  5.  Effect  of  gabapentin,  carbamazepine,  and  saline  on  paw  withdrawal 

thresholds  in  CFA  injected  paws.  Three  groups  of  rats  received  a  subcutaneous 
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injection  of  gabapentin  (40  mg/kg)  (n=18),  carbamazepine  (40  mg/kg)  (n=18),  or  normal 
saline  (n=15).  Neither  gabapentin  nor  carbamazepine  produced  a  significant  analgesic 
effect. 

Figure  6.  Effects  of  morphine,  gabapentin,  and  ibuprofen  on  mean  tail-flick 
latency.  Morphine  (10  mg/kg),  gabapentin  (40  mg/kg),  or  ibuprofen  (40  mg/kg)  was 
administered  to  rats  (n=12)  and  then  tested  for  tail-flick  latency  at  the  intervals 
indicated  in  METHODS  The  greater  than  expected  response  to  morphine  is  thought  to 
be  related  to  the  paired  housing  of  rats.  Gabapentin  and  ibuprofen  did  not  alter  tail- 
flick  response. 

Figure  7.  Effects  of  morphine,  gabapentin,  and  ibuprofen  on  mean  hotplate 
latency.  The  same  rats  used  to  determine  tail-flick  latencies  depicted  in  Figure  6  were 
also  tested  for  hotplate  analgesic  response  45  minutes  after  administration  of  drug. 
Latency  to  hotplate  stimulation  was  prolonged  3-fold  following  morphine  administration 
when  compared  to  baseline.  Responses  following  gabapentin  and  ibuprofen 
administration  were  not  significantly  different  than  baseline. 

Figure  8.  Effect  of  gabapentin  on  mean  response  in  the  formalin  test.  Two 
groups  to  1 1  rats  received  subcutaneous  injections  of  either  gabapentin  (160  mg/kg)  or 
normal  saline,  30  minutes  prior  to  a  subcutaneous  injection  of  5%  formalin  into  the 
plantar  surface  of  1  hindpaw.  Gabapentin  reduced  the  time  that  the  injected  paw  was 
elevated  above  the  floor  of  the  observation  box  during  phase  II  (10-90)  minutes)  but  not 
phase  I  (0-10  minutes)  of  the  formalin  test. 

Figure  9.  The  effect  of  gabapentin  on  phase  II  of  the  formalin  test  was  most 
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1  profound  between  40  and  80  minutes  after  the  formalin  injection.  A  repeated 

measures,  mixed  design  ANOVA  resulted  in  a  significant  main  effect  for  treatment  (p< 
0.05).  Periods  of  statistically  significant  differences  in  aversive  behavior  between 
gabapentin-treated  and  saline-treated  groups  (p  =  0.05)  are  indicated  by  an  asterisk. 
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